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Despite the importance of carbonate aquifers as reservoirs of oil, of water, and of carbon 
dioxide, questions remain about the diagenetic processes that enhance porosity and permeability. 
Some of the questions are: 1) what are the water-rock interactions that control the geochemistry 
of spring waters; 2) are the geochemical signatures of saline-fresh water mixing zones preserved 
in the carbonate rock record; and 3) how much carbon dioxide outgases along spring runs? To 
address these questions, two field sites, one in Oklahoma (the site of an active saline-fresh water 
mixing zone) and the other in Colorado, the location of a former mixing zone, were studied. The 
results from the site with the modern-day mixing zone indicate that mixing between saline water 
and meteoric water along with dissolution of anhydrite and dolomite and precipitation of calcite 
controls spring water chemistry. In addition, the flux of CO2 was calculated to be similar to that 
of estuaries and from other carbonate springs and greater than that of headwater streams and 
rivers. The results from the site with a former mixing zone indicated that changes in redox 
conditions during deposition, and after dolomitization of the carbonate were preserved; however 
a clear indication of mixing, as indicated by discernible differences in REE and trace elements, 
was not observed. Overall, these results indicate that despite clear indications of water-rock 
interaction at an active mixing zone of saline and fresh waters, the signature of mixing zones are 
not as clearly preserved in the rock. 
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Chapter 1. Introduction 
Despite the societal and economic importance of carbonate bedrock as reservoirs of water 
and hydrocarbons, our understanding of the chemical reactions that control the development of 
reservoir properties (porosity and permeability) is incomplete (Banner et al., 1989; Carpenter, 
1978a; Davisson and Criss, 1996; Frape et al., 1984; Kharaka and Hanor, 2003). Some of the 
remaining questions are associated with zones in which meteoric and saline waters mix and are, 
1) what are the water-rock interactions that control the geochemistry of brackish spring waters; 
2) are the geochemical signatures of saline-fresh water mixing zones preserved in the carbonate 
rock record; and 3) how much carbon dioxide outgases along brackish spring runs? 
Understanding how the mixing of meteoric and saline waters alters the geochemical signature of 
the resulting water can lead to an improved understanding of the geochemical evolution of the 
groundwater as it moves through the subsurface, and of the processes that result in the 
rearrangement of porosity and the enhancement of permeability (Bathurst, 1975; Esteban and 
Taberner, 2003; Worthington, 2009). For mixing zones located in coastal carbonate aquifers, 
there is a good understanding of the physical and chemical processes that occur and of the factors 
that influence the size and shape of the mixing zone (Aquilina et al., 2002; Daniele et al., 2013; 
Hanshaw and Back, 1979; Toth and Katz, 2006; Wicks et al., 1995; Wigley and Plummer, 1976). 
The major process in coastal carbonate aquifers is the physical mixing of two chemically distinct 
waters that are saturated with respect to carbonate minerals that results in the formation of an 
undersaturated solution that dissolves calcite (Bogli, 1964). Recently, it has been suggested that 
variations in the CO2 concentration in meteoric water might also have a significant influence on 
dissolution processes in coastal aquifers (Gulley, 2013).  
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Reactions of particular importance to the geochemical signature of carbonate-hosted basins 
and aquifers in mixing zones are dolomitization, dedolomitization, calcite dissolution, and 
aragonite recrystallization, given by: 
 CO2 + H2O + CaCO3 Ca2+ + 2HCO3- (1.1) 
      2CaCO3 + Mg2+  CaMg(CO3)2 + Ca2+ (1.2) 
     Ca2+ + CaMg(CO3)2  Mg2+ + 2CaCO3 (1.3) 
These reactions result in sinks for and sources for calcium, magnesium and strontium in a basin, 
and thus in the alteration of the original bedrock and the subsurface fluid. For instance, a 
magnesium-rich fluid is required for dolomitization (Equation 1.2), which then enriches calcium 
and depletes magnesium concentrations of the basinal fluid resulting in high Ca/Mg ratios in the 
fluid. Dedolomitization (Equation 1.3) occurs in the presence of a magnesium-poor solution, 
resulting in a subsurface fluid enriched in magnesium and depleted in calcium. Additional 
magnesium and strontium enrichment of the basinal fluid can occur through the recrystallization 
of aragonite (Connolly et al., 1990).  Further, calcium and strontium concentrations can increase 
during the recrystallization of aragonite to calcite, or aragonite to dolomite, and from the 
dissolution of calcite and dolomite (Aquilina et al., 2002; Bathurst, 1975; Wilson and Long, 
1993). 
The goal of this dissertation was to achieve a more thorough understanding of the processes 
involved in the mixing zones of carbonate aquifers by focusing on the water chemistry of 





Chapter 2. Geochemistry of Brackish Springs 
2.1 Abstract 
Over a small geographic area, seven springs, located near Bromide, Oklahoma, discharge 
brackish water from a carbonate aquifer providing an ideal location to study the mixing of 
meteoric and saline waters. Conservative mixing of meteoric water from the Arbuckle Simpson 
Aquifer with saline water from the Arkoma basin along with dissolution of anhydrite and 
dolomite and precipitation of calcite explain the observed spatial variations in geochemistry. 
These variations range from 0.5 to 3.5 % saline water. Overall, the observed spatial and temporal 
variations are hypothesized to be subsurface flow paths that deliver more (or less) saline water  
to any individual spring (spatial variation) and to subsurface flow paths that deliver more (or 
less) freshwater to springs (temporal variations at a spring). 
2.2 Introduction 
Mineral and thermal springs have a long history of use in the United States for medical, 
therapeutic and economic reasons (Davis and Davis, 1997; Lund, 1996). Mineral springs, non-
thermal examples include, Saratoga Springs, NY; Manitou Springs, CO; Barton Springs, TX; 
Chickasaw Nation Recreation Area and Bromide, OK. Thermal spring examples include, Hot 
Springs, AR; Glenwood Hot Springs, CO; Hot Springs, VA; Big Horn Hot Spring, WY; and 
Yellowstone National Park, WY, MT, and ID were used for their supposed therapeutic and 
healing purposes, and for the economic expansion of the United State (Back et al., 1995; 
Benedetto and Millikan, 1996; Davis and Davis, 1997; Luiszer, 2009; Lund, 1996). Mineral 
springs were and continue to be popular to the bottled water industry because of their marketed 
health benefits (Back et al., 1995; Diduch et al., 2011). Because mineral and thermal springs 
were economically important, long records of their chemistry are available (Benedetto and 
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Millikan, 1996). However, many mineral springs closed due to the Great Depression and 
decreasing popularity as medical services. 
One of the main reasons the town of Bromide, OK was developed was the high density of 
the mineral springs. The springs and the popularity of minerals springs led to the rapid expansion 
of the town of Bromide in the early 1900s. During its use as a mineral spring, Bromide, 
Oklahoma had a bathhouse, small pools, buildings, and a swimming pool. The density of the 
springs at Bromide, OK is unique in their range of ion concentrations over a small area. 
The field site consists of seven springs that occur in a relatively small geographic area, 
approximately 450 m2 (Figure 1.1 b). Six of the seven springs (Ekie, Katy, Murphy, Tower, 
Mary Mac, and Rattlesnake) discharge brackish water from metal pipes that were installed when 
the town of Bromide was developed in the early 1900s as a mineral spa. The classification of the 
water types as brackish and brine follows the definitions provided in (Carpenter, 1978b). The 
seventh spring discharges from a manmade structure. 
2.3 Site Description 
The field area is located north of Bromide, OK on the eastern edge of the Arbuckle Simpson 
uplift, the Arbuckle-Simpson Aquifer (ASA), and the western edge of the Arkoma Basin (Figure 
1.1 a). Flow rates of the springs were between 0.2 and 0.82 m s-1. With exception of 1911 spring, 
each spring channel was shallow and water flowed from the pipe in all directions. As a 
consequence, it was not possible to estimate the volume of flow. Salt traces could not be 
completed due to the presence of microbial mats that surround each of the springs (except for 
1911). The diversity and morphology of the microbial mat at Rattlesnake spring has previously 













Figure 2.1. a) Location of the study site with respect to a) the Arbuckle Simpson Aquifer, 
Arbuckle Simpson Uplift, Anadarko basin, and Arkoma basin. The locations of water samples 
located in the Arbuckle Simpson Aquifer and from oil wells located around the Arkoma basin 
are indicated. The southern edge of Oklahoma and its counties are also included for reference; b) 
Bromide, OK and the locations of the seven springs and the representative chemistry of each 
spring. The scale bar is in units of meq L-1.  Ion concentrations are separated into the four groups 
of halides, alkalis, divalents, and alkalinity. Halides include Cl-, Br-, and F-. Alkalis include Na+, 












Due to the importance of the Arbuckle Simpson uplift, the Arbuckle and Simpson Groups, 
and the Arkoma and Anadarko basins to the petroleum industry, the regional geology has been 
well documented (Al-Shaieb et al., 1993; Christenson et al., 2009; Gao et al., 1992; Gao and 
Land, 1991; Ham et al., 1964; Johnson, 1991; Suhm, 1997). In summary, tectonic activity prior 
to the Pennsylvanian resulted in the formation of the Arbuckle Simpson uplift and has exposed 
the Goddard Shale, Delaware Creek Shale, Oil Creek and Joins formations, and Sylvan Shale at 
and around the field site (Figure 1.1 c) (Ham et al., 1954). Formations younger than the 
Pennsylvanian, are not present in the Arbuckle Simpson uplift due to extensive post depositional 
erosion, but are present in the Arkoma and Anadarko  basins (Al-Shaieb et al., 1993). The uplift 
also resulted in faults, fractures, and joints that were observed in the field and were also indicated 
in geologic publications by the Oklahoma Geologic Survey and the U.S.G.S. (Cederstrand, 1997; 
Ham et al., 1954). Since the end of the Pennsylvanian, there has been little tectonic activity in 
the Arbuckle Simpson uplift (Johnson, 1991). 
2.3.2 Karst 
Karst features observed at the field site and reported throughout the Arbuckle Simpson 
uplift, such as vugs, springs, conduits, small caves, chert breccia, travertine deposits, voids 
containing red-clay, and scalloped surfaces, are the result of craton-scale sea-level regressions 
and the uplift of the mid-continent during the Paleozoic prior to the deposition of the Simpson 
Group (Al-Shaieb et al., 1993; Christenson et al., 2009; Kerans, 1990). The lowering of sea level 
and the uplift of the mid-continent allowed for the mixing of meteoric water and basinal brines 
that resulted in the dissolution of the carbonate bedrock (Donovan and Ross, 1991; Kerans, 1990; 
Lynch and Al-Shaieb, 1991). 
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This resulted in the enlargement of faults, joints, and bedding planes, and the formation of 
conduits, which are present throughout the Arbuckle Simpson uplift (Donovan, 1991). Fractures 
generally have aperture widths between 50 – 500 µm, whereas conduits have aperture widths in 
excess of 1 cm (White, 2002).  The presence of conduits in carbonate aquifers, such as the 
Arbuckle Simpson Aquifer, greatly influences the rate of groundwater flow in a carbonate 
aquifer and the volume of water that can flow through a carbonate aquifer (White, 2002). In 
addition, conduits result in an aquifer having heterogeneous flow paths and residence times 
(White, 2002). Continued evolution of the conduits since the Pennsylvanian is suspected (Lynch 
and Al-Shaieb, 1991).  
2.3.3 Cements and Evaporates 
Common cements in the Arbuckle and Simpson groups of the Arbuckle Simpson uplift are, 
in decreasing abundance, calcite, dolomite, and silica (Ragland and Donovan, 1991). Dolomite 
cement, formed during late-stage water-rock interactions, was noted throughout the ASA and has 
reduced the porosity of the Arbuckle Group (Donovan, 1991). Anhydrite and gypsum deposits 
fill some pore spaces and fractures in dolomite lithofacies and occur as cement in the Arbuckle 
and Simpson Groups and younger formations in the Arkoma basin, but similar features are not 
commonly found in the ASA (Al-Shaieb et al., 1993; Ching and Friedman, 2000; Donovan, 
1991; Donovan and Ross, 1991). In carbonate minerals, which do not undergo evaporation 






Dolomitization is a contentious topic and there are numerous hypothesizes on the formation 
of dolomite (Machel, 2004). Dolomitization generally proceeds according to Equation 2.1 where 
there is a one to one replacement of calcium for magnesium. During the 
 Mg2+ + 2CaCO3(solid)  Ca2+ +CaMg(CO3)2(solid) (2.1) 
dolomitization process, according to Equation 1, there is an increase in porosity of bedrock, due 
to the loss of two moles of solid calcite and a net gain of one mole of dolomite (Machel, 2004). 
In the Arbuckle Simpson uplift, most of the dolomitization occurred before the Pennsylvanian 
uplift due to the mixing of meteoric water with basinal water (Donovan, 1991; Donovan and 
Ross, 1991). Multiple forms of dolomitization have been identified throughout the Arbuckle 
group, with most of the dolomitization being matrix selective, found at locations of enhanced 
porosity in the original limestone (Donovan and Ross, 1991). Complete dolomitization has also 
been identified in the Arbuckle Simpson uplift (Donovan, 1991). Transitions from complete 
dolomitization to an absence of dolomite are abrupt and can occur within 5 cm (Donovan, 1991). 
Late stage dolomitization is not widespread in the Arbuckle Simpson uplift, and occurred after 
the tectonic activity of the Pennsylvanian (Donovan, 1991). Geopressure has been observed in 
the Anadarko basin and is suspected to provide a mechanism for the flow of basinal brine in the 
dolomitization process (Al-Shaieb et al., 1993). 
2.3.5 Hydrogeochemistry 
At shallow depths the groundwater in the ASA is dominantly fresh water, the result of 
diffuse recharge of meteoric water through faults and conduits in the carbonate bedrock 
(Christenson et al., 2009). The depth of the fresh water in the ASA is not known, but is suspected 
to be in excess of 300 m (Christenson et al., 2009). The groundwater in the Arbuckle Simpson 
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Aquifer is undersaturated or near equilibrium with respect to calcite and to dolomite with ranges 
of saturation indices of -0.3 to 0.05 and -1.5 to -0.05 respectively. The partial pressure of CO2 
(PCO2) of the groundwater in the Arbuckle Simpson Aquifer is between 10
-0.8 and 10-1.8 
(Christenson et al., 2009). The Arkoma basin is oversaturated with respect to calcite and to 
dolomite with saturation indices that have ranges of 0.87 to 1.57 and 1.87 to 3.27 respectively. 
The groundwater in the Arkoma basin has PCO2 between 10
-1.29 and 10-2.43. 
Christenson et al. (2009) demonstrated that the dissolution of calcite, dolomite, and 
gypsum/anhydrite were able to account for the chemistry of the basinal brine from an oil well 
located in the Arbuckle Simpson Aquifer. The chemistry of the basinal brine in the Arbuckle 
Simpson Aquifer, sampled from the oil well, was assumed to be to be sourced from the 
Anadarko basin (Figure 2.1 a) and to have a homogeneous composition below the Arbuckle 
Simpson aquifer (Christenson et al., 2009). Because of the proximity of the field site to the 
Arkoma basin (to the east) and a structural high to the west, the source of the basinal water used 
in the mixing calculations for this study is presumed to be from the Arkoma basin. The chemical 
signature of the Arkoma basin were shown by Jorgensen (1989) to have a heterogeneous spatial 
distribution, likely controlled by the distribution of low permeability rocks in the Cambrian and 
Ordovician units. 
2.4 Methods 
Water samples, 78 total, were collected in July 2010, October 2010, February 2011, and 
June 2011 from the seven springs using standard methods (U.S.G.S., 2006). The pH, salinity, 
temperature, specific conductance, and concentrations of dissolved oxygen (D.O.) and hydrogen 
sulfide (H2S) were determined in the field. Samples for alkalinity and major and minor ions were 
filtered using a 0.22 µm Millipore filter into polyethylene bottles and kept cold until analyzed. 
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Concentrations of alkalinity (as HCO3-) were determined via titrations using the fixed endpoint 
method the same day that the water was collected. Cation samples were acidified with trace 
metal-grade nitric acid to a pH of < 2. Cation concentrations (Ca2+, Mg2+, Mn2+, Sr2+, Li+, K+, 
and Na+) were determined via ICP analyses (Martin et al., 1994), and anion concentrations, (Br-, 
Cl-, F-, NO3-and SO42-) were determined by ion chromatography (Hautman and Munch, 1997). 
The PCO2 and the saturation index (SI) of the water with respect to calcite, dolomite, anhydrite, 
gypsum, and halite were calculated using PHREEQC Interactive (version 2.18) (Parkhurst and 
Appelo, 1999) with the phreeqc.dat thermodynamic database (Parkhurst and Appelo, 1999). The 
February 2011 and June 2011 samples were collected in duplicate in order to obtain the standard 
deviation of error.  Data that had a charge balance error greater than 5 % were not used. 
Geochemical calculations of the mixing between meteorically derived (fresh water) 
endmembers and saline water (basinal brine) endmembers were completed using the phreeqc.dat 
database. To ensure that the composition of the fresh water and saline water endmembers were 
representative, the chemistry of each endmember, from the ASA and the Arkoma basin, was 
compared to that of the other available geochemistry data from the ASA and the Arkoma basin 
(Figure 2.1 a). The compositions of the fresh water endmember were obtained from sample 26, 
rainwater, and deionized water (Table A.6). Sample 26 has low ion concentrations, was a 
shallow groundwater sample, and has similar ion concentrations to the other shallow 
groundwater samples (Christenson et al., 2009). Rainwater, low ion concentrations, data were 
obtained from a National Atmospheric Deposition Program weather station (NADP, 2012). 
Deionized water does not have any ion concentrations. The compositions of the saline water 
endmember included modern seawater (MgSO4 water), a CaCl2 sea water (Lowenstein et al., 
2003), a basinal brine sample from the ASA (Christenson et al., 2009), and basinal brine samples 
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from the Arkoma basin (Figure 2.1 a) obtained from an oil well that produces from the Oil Creek 
formation in the Arkoma basin (Table A.6) (Breit and Skinner, 2002). The mixing calculations 
were, ‘OK Brine dilution’ mixes rain water with ‘Oklahoma Brine’; ‘Arkoma ASA mix’ mixes 
‘ASA Sample 26’ with 35000764; ‘PHREEQC SW evolution’ mixes deionized water with 
modern sea water; ‘CaCl2 SW’ mixes deionized water with CaCl2 sea water; ‘35000766 mix 
ASA 26’ mixes ASA Sample 26 with 35000766; and ‘35008757 mix ASA 26’ mixes ASA 
Sample 26 with 35008757 (Table A.6) The Cl- concentration was used to indicate the percentage 
of the saline water endmember mixed with the fresh water endmember. 
The difference between the concentration that was measured and that calculated from the 
mixing calculation is noted as ∆. A positive value of ∆ means that there is a source adding an ion 
to the water and a negative value of ∆ means there is a sink removing an ion from the water. The 
saturation indices of conservative mixtures with respect to the various minerals and with respect 
to dissolved gases were also calculated using PHREEQC. Mixing calculations for Sr2+ and for 
Br- were not completed for all mixing calculations because not all the saline water endmember 
had Sr2+ Br- concentration data. 
Inverse models were completed in PHREEQC to determine the mass of minerals needed to 
precipitate or to dissolve in order to evolve the chemistry of a theoretical water that matches the 
chemistry of the spring water samples. Minerals used in the inverse models include halite, albite, 
gypsum, calcite, dolomite, and anhydrite. Negative values in the inverse models indicate that the 
precipitation of a mineral was needed to transform the chemistry of the theoretical water to that 






2.5.1 Geochemical data 
Temperatures of the spring waters throughout the sampling period were nearly constant 
(Table A.1), although the temperature of the water at 1911 spring was consistently lower than the 
temperatures measured at the other springs. The pH values for the spring waters were 
circumneutral. The concentrations of D.O. and H2S ranged from 0.2 to 4.9 mg L-1 and from 0.06 
to 11.5 mg L-1, respectively. Alkalinity (as HCO3-) was between 3.72 and 5.69 mmol L-1. 
Chloride to bromide ratios for the spring waters were variable (Table A.1). Spring waters 
analyzed at Tower spring had the lowest Cl-/Br- of all the spring waters at 647 (mmol L-1)/(mmol 
L-1). The spring waters at Mary Mac spring. Had the maximum Cl-/Br- of all the springs with a 
value of 1274 (mmol L-1)/(mmol L-1). Spring water compositions were characterized as Na-Cl 
type waters (Figure 2.1 b). The percentages of the saline water endmember that was mixed with 
the fresh water endmember had a range from 0.5 % to 3.5 % (Table A.4). When compared to the 
dilution of the CaCl2 seawater of Lowenstein et al. (2003), modern seawater, and basinal brines 
from the Arkoma basin, the only spring waters that had similar Na+ concentrations were the 
spring waters at Mary Mac spring (Figure 2.2). The other six spring waters have Na+ 
concentrations below those of the dilution of the CaCl2, modern seawater, and basinal brines 
from the Arkoma basin (Figure 2.2). Mixing between the fresh water endmember and the saline 
water endmember (brine) at Ekie and Mary Mac springs during periods of large amounts of 
recharge (wet conditions) and low amounts of recharge (dry conditions) (Figure 2.3 c) provides a 
general explanation for the changes in Ca2+ concentrations (Figure 2.3 a) and SI with respect to 
calcite (Figure 2.3 b), as compared to Cl- concentrations. Data in Figure 4 are shown for Mary 







Figure 2.2. a) Ca2+ concentrations, b) Mg2+ concentrations, c)Na+ concentrations, d) SO42- 
concentrations, e) Br- concentrations and PCO2 vs. Cl









Figure 2.3. a) Ca2+ concentrations vs. Cl- “with “A” and “C” indicated for Ekie and Mary Mac, 
b) SI with respect to calcite with “A” and “C” indicated for Ekie and Mary Mac. c. Conceptual 
model that involves the mixing of meteoric water (fresh) with basinal brine (brine) in different 
theoretical concentrations to explain the differences in Cl- concentrations for Ekie “A” and “C” 
and for Mary Mac “A” and “C”. The x-axis indicates differences between “Dry Conditions” and 
“Wet Conditions” where the y-axis shows relatively low and high Cl- concentrations 
The ∆ Na+ increased, negatively, as the Cl- concentrations increased (Figure 2.2). Each of 
the spring waters had concentrations of Mg2+ that were similar to the concentrations of the 
dilution of the CaCl2 seawater of Lowenstein et al. (2003) and modern seawater (Figure 2.2). 
Concentrations of SO42- were similar to the concentrations predicted by the mixing calculations 
that used modern seawater as the saline endmember (Figure 2.2). Concentrations of SO42- for the 





mixing calculations and saline endmembers (Figure 2.2). The values of ∆ SO42- were similar to 
the values predicted by the mixing calculations involving modern seawater, and increased with 
increasing Cl- concentrations for the other saline endmember (Figure 2.2). Concentration of Mg2+ 
exceeded the concentrations predicted by the mixing calculations that used the basinal brines 
from the Arkoma basin and CaCl2 seawater as the saline endmember (Figure 2.2, Table A.4).      
∆ Mg2+ for modern seawater, as the saline endmember increased, with increasing Cl- 
concentrations, but values were slightly lower for the waters at Katy spring and slightly greater 
for the waters at Katy and Ekie springs (Figure 2.2). The values of ∆ Mg2+ were similar to the 
mixing calculations involving modern seawater and CaCl2 seawater (Figure 2.2). Mixing 
calculations that used basinal brines from the Arkoma basin for the saline endmember had values 
of ∆ Mg2+ that increased with increasing Cl- concentrations (Figure 2.2). The values of ∆ Ca2+ 
increased with increasing Cl- concentrations for the mixing calculations that used modern 
seawater, the oil well sample from Christenson et al. (2009) and CaCl2 seawater, and were 
similar when basinal brines from the Arkoma basin were mixed with shallow groundwater from 
the ASA (Figure 2.2). Calcium concentrations for the spring waters were greater than the values 
of the dilution of the CaCl2 seawater of Lowenstein et al. (2003), modern seawater, and basinal 
brines from the Arkoma basin. Additionally, the values of ∆ Ca2+ increased with increasing Cl- 
concentrations for each of the saline endmember (Figure 2.2). Total inorganic carbon (TIC) 
concentrations from the mixing calculations exceeded measured concentrations. ∆ TIC of the 
spring water decreased as the Cl- concentration increased (Figure 2.2). 
2.5.2 Saturation Indices 
The spring waters were near equilibrium and were undersaturated with respect to calcite and 






Figure 2.4. a) SI with respect to calcite, b) SI with respect to dolomite, c) SI with respect to 







the saturation indices of the spring waters with respect to dolomite being more comparable to the 
mixing models than the saturation indices with respect to calcite were. However, neither appear 
to be related to Cl- concentrations as they did not plot along the trends of the mixing calculations 
(Figure 2.4). Halite saturation indices of the spring waters were similar to the values from each 
of the mixing calculations (Figure 2.4). The spring waters were undersaturated with respect to 
anhydrite and to gypsum (Figure 2.4). The saturation indices of the spring waters with respect to 
anhydrite and gypsum were higher than the values of the dilution of the CaCl2 seawater of 
Lowenstein et al. (2003), modern seawater, and basinal brines from the Arkoma basin (Table 
A.4, Figure 2.4). The PCO2 of the groundwaters of the ASA and Arkoma basin are 10-
1.8 to 10-0.9 
atm and 10-2.4 and   10-1.3 atm, which is similar to the PCO2 values of the seven springs, 10
-1.8 to 
10-0.7 atm. 
2.5.3 Inverse Models 
The inverse models indicate that at least 8.7 x 10-4 and up to 7.3 x 10-3 mmol L-1 of 
anhydrite and at least 7.7 x 10-4 and up to 6.4 x 10-2 mmolL-1 of dolomite would need to dissolve 
into the conservative mixtures to match the observed water compositions (Table A.5). The 
inverse models also indicated that at least 1.2 x 10-4 and up to 1.9 x 10-2 mmol L-1 of calcite 
would need to precipitate from the conservative mixtures in order to line up with the observed 
water compositions (Table A.5).  
2.6 Discussion 
The elevated Cl-/Br- ratios, as compared to modern seawater, of the spring waters at the field 
site indicate that the basinal brines experienced evaporation to the point of halite saturation and 
were then diluted with meteorically derived water. The Cl-/Br- ratios are not a product of the 
dissolution of halite deposits because such deposits in the Arbuckle Simpson uplift are limited 
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(Ham et al., 1964; Johnson, 1991). Bromide rich deposits of potash (sylvite) or bitterns  are not 
contributing to the chemical signature of the spring waters, because they would produce low Cl-
/Br- ratios, relative to seawater (Carpenter, 1978a; Rittenhouse, 1967). 
The water-rock interactions that explain the concentrations of the spring waters are the 
dissolution of anhydrite (source of Ca2+ and SO42-) and dolomite (source of Mg2+, Ca2+, and 
TIC), and the precipitation of calcite (sink for Ca2+ and TIC) along the subsurface flow paths. A 
likely source of the excess calcium present in the water chemistry data is the dolomitization of 
limestone, followed by the dissolution of dolomite and gypsum. The saturation states of the 
spring waters and the ASA with respect to anhydrite and to gypsum are undersaturated. This 
signifies that the dissolution of anhydrite is likely to have occurred (Table A.3) (Ching and 
Friedman, 2000; Christenson et al., 2009). The dissolution of gypsum or anhydrite following the 
reaction: 
 CaSO4(s) + H2O Ca2+ + SO42- +H2O (2.2) 
Anhydrite cement has been shown to be present in the Arbuckle Group in the Arkoma basin from 
cores, but outcrop evidence is limited (Ching and Friedman, 2000; Christenson et al., 2009; 
Latham, 1970). Though the field site has H2S oxidizers and likely has sulfate reducing 
organisms, the amount of sulfate lost due to bacterial sulfate reduction does not balance the 
excess Ca2+ in the spring waters because of the low concentration of H2S relative to Ca2+, and to 
the precipitation of anhydrite (Table A.1). 
Due to the heterogeneity of the basinal waters in the Arkoma basin (Jorgensen, 1989), 
multiple water chemistry data were used for the saline endmembers. The mixing calculations that 
used water chemistry data from the Arkoma basin yielded similar results to each other, but not to 
modern seawater or to CaCl2 seawater (Figures 2.2 and 2.4). The mixing calculation that used a 
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rainwater and basinal brine from Christenson et al. (2009) was dissimilar to the other mixing 
calculations that used water chemistry data from an ASA shallow well as the fresh water 
endmember (Figures 2.2 and 2.4). This demonstrates the importance that an endmember can 
have on the final results. Each of the mixing calculations, with the exception of the mixing 
calculation for modern seawater SO42-, indicated that in addition to conservative mixing between 
the freshwater endmember and saline endmember of the SO42- mixing calculation, water-rock 
interactions are needed to explain the spring-water chemistry. 
The amounts of anhydrite and dolomite that have to be dissolved, and the amount of calcite 
that needs to be precipitated along the subsurface flow paths to produce the observed spring 
water chemistry from the theoretical water chemistry, was calculated through a series of inverse 
models (Table A.2). The results from the inverse models indicate that anhydrite and dolomite 
could be dissolved and that calcite could be precipitated along the flow paths. These results are 
in agreement with geological data from the ASA and the Arkoma basin (Ching and Friedman, 
2000; Gao et al., 1992), and support the calculations and geochemical models. The amounts of 
anhydrite and dolomite needed to dissolve, and the amount of calcite needed to precipitate, 
increase with the Cl- concentration (Table A.2). The formation of carbonate cements in deep 
burial settings, influenced by the mixing of different waters, has been indicated (Morse et al., 
1997; Worden and Matray, 1995). As the proportion of the saline water endmember increases, 
the spring waters become more dissimilar to the mixing calculations. Because spring waters with 
higher ion concentrations are less conservative than springs with lower ion concentrations, this 
indicates that the water in the mixing zone in the subsurface has not had sufficient time to 
equilibrate as has water that flows along the flow paths to the springs. 
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The Δ Mg2+ of the springs can be explained by the dissolution of dolomite along the 
subsurface flow paths. However, the spring waters are near equilibrium with respect to dolomite 
(Figure 2.4). In order for dolomite to dissolve, the groundwater needs to be undersaturated with 
respect to dolomite. Two ways that this can occur are either there are low amounts of Mg2+ in the 
waters, or the concentration of CO2 in the groundwater needs to be higher than the calculated 
values from the spring waters. Outgassing of CO2 along conduits has been used in karst aquifers 
to explain measured waters that are saturated with respect to carbonate minerals when the waters 
were expected to be undersaturated (Toran and Roman, 2006). Outgassing of CO2 in the 
subsurface is assumed to occur as the fresh water endmember and the saline water endmember 
mix in the conduits, fractures, and joints under turbulent flow conditions. Turbulent flow 
conditions are suspected to be present because turbulent flow is common in conduits in karst 
aquifers (White, 2002). Turbulent flow would result in an increased rate of CO2 outgassing from 
the subsurface water. Though the outgassing of CO2 along faults, fractures and conduits in the 
shallow bedrock would result in the potential for the precipitation of dolomite near the orifice of 
the springs, the precipitation of dolomite is not likely because it is kinetically limited. 
In addition to the spatial heterogeneity of the field site, temporal differences in the chemical 
properties of the springs were evident. To explain these variations, a conceptual model is 
proposed (Figure 2.3 c). During dry conditions, a larger proportion of the saline water (brine) 
endmember will flow from each spring. This results in an increase in Cl- concentrations and near 
stable Ca2+ concentrations (Figure 2.3 a). A decrease in the SI with respect to calcite also 
occurred, for Ekie and Mary Mac springs. Under wet conditions, the amount of the fresh water 
endmember increases, while the amount of saline endmember stays constant, resulting in lower 
Cl- concentrations and in the SI with respect to calcite that are at or near equilibrium (Figure 2.3 
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b). This conceptual model highlights the ability of the karstic nature of the carbonate bedrock to 
also be able to temporally influence the chemical signature of spring waters. 
2.7 Conclusions 
The mixing of meteoric-derived water from the Arbuckle Simpson Aquifer with a saline 
water endmember composed of a basinal brine from the Arkoma basin, combined with water-
rock interactions that occur along subsurface flow paths, explains the chemistry of the spring 
waters at the Bromide, OK field site. The water-rock interactions needed to account for the 
difference between the measured ion concentrations and those of conservative mixing are the 
dissolution of anhydrite the source of Ca2+ and SO42- and dolomite, the source of Mg2+, Ca2+, and 
TIC, and the precipitation of calcite, the sink for Ca2+ and TIC. The mixing of the two 
endmembers along the flow paths has also resulted in the dissolution of the carbonate bedrock 
and the formation of secondary porosity in the form of conduits as well as the precipitation of 
calcite in veins and fractures. Water data from seven springs were compared to diluted MgSO4 
and CaCl2 seawaters; however, these saline endmembers did not match the spring water 
chemistries as well as did the waters from the Arkoma basin did. 
The study results indicate that the mixing of fresh water with saline water, and transport of 
groundwater in a carbonate aquifer in a mid-continental setting of North America, can be greatly 
influenced by the presence of karstic features, such as conduits, and structural features, including 
fractures, faults, and bedding planes. Furthermore, these features can have profound effects on 
the spatial variability of the geochemistry of spring waters that flow from springs in a small 
geographic area, and should be considered in future studies. In addition to the spatial variability, 
the springs are influenced by changes in the relative proportions of fresh-water and saline water 
endmembers during wet and dry conditions, resulting in changes in Cl- concentrations. In order 
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to better understand the flow at the field site, as well as and at similar field sites in the mid-
continent of the U.S.A., future work will need to include a hydrogeology flow model and 
isotopic analyses of the water in order to more fully understand the processes affecting the water 




Chapter 3. CO2 Outgassing Along Spring Runs 
3.1 Abstract 
The flux of CO2 from spring water to the atmosphere (outgassing) typically had not been 
included in the global CO2 budget; whereas, the CO2 from other surface-water bodies (lakes, 
rivers, oceans, and estuaries) has been included in the global CO2 budget.  This omission may 
result in an underestimation of the flux of CO2 from surface waters to the atmosphere. In this 
study, the outgassing rate of CO2 from four springs and associated spring runs in Bromide, OK, 
was calculated and compared to outgassing rates reported from other surface-water bodies, thus, 
providing a better understanding of the magnitude of the underestimation. Seasonal 
measurements of pH, salinity, temperature, and concentrations of major and minor ions and total 
inorganic carbon, reported as alkalinity as HCO3-, were used to calculate the CO2 in this study. 
The calculated CO2 flux varied spatially, among the four springs, and with time at any given 
spring. The differences in the fluxes are attributed to variations in the PCO2 of the waters, and are 
controlled by the pH and the salinity of the waters. The temperature, Ca2+ concentration and TIC 
of the spring waters did not have an influence on the PCO2 of the water. The calculated CO2 flux 
at the spring orifices ranged from 276 to 2,410 mmol m-2 d-1, and decreased with decreasing PCO2 
and with distance along the spring runs, and was due to CO2 outgassing. These calculated CO2 
fluxes are similar to values reported for estuaries (100 – 1,900 mmol m-2 d-1), but were higher 
than the values for fluxes from rivers and headwater streams (100 – 1,600 mmol m-2 d-1). In 
addition, the calculated fluxes were bracketed by values reported for other springs (500 – 
380,000 mmol m-2 d-1), and therefore this work demonstrates the need to include the outgassing 




Over the last twenty years, a more thorough understanding of the CO2 flux of from rivers, 
estuaries, and other large bodies of surface water to the atmosphere has been sought due to 
heightened attention to the global CO2 cycle and budget (Atkins et al., 2013; Johnson et al., 
2008; Martin et al., 2013; Piao et al., 2013). Recent efforts to determine the flux of CO2 from 
surface waters to the atmosphere, recharged by springs sourced from the hyporheic and phreatic 
zones, have focused on first-order streams and estuaries (Atkins et al., 2013; Johnson et al., 
2008) resulting in an improved understanding of the parameters that influence the flux of CO2 
from surface waters to the atmosphere. These parameters include the wind speed, the depth, 
velocity, temperature, turbulence, partial pressure of CO2 (PCO2) of the water, and the presence or 
absence of biofilms and microbial mats on the stream bed (Butman and Raymond, 2011; Frew et 
al., 2004; Johnson et al., 2008; Weiss, 1974). Despite the progress that has been made, the 
factors that control the spatial and temporal variability in the CO2 fluxes from surface waters are 
poorly known (Atkins et al., 2013). 
The CO2 flux from rivers and streams of the continental interior of the United States has 
been estimated for larger streams and these estimates have been included in the global CO2 
budget (Butman and Raymond, 2011). However, the flux of CO2 from emergent first-order 
streams to the atmosphere is largely unknown (Butman and Raymond, 2011; Cole et al., 2007; 
Johnson et al., 2008; Macpherson, 2009). The work that has been completed on the outgassing of 
CO2 from springs and streams of carbonate aquifers, has primarily focused on the dissolution 
and/or precipitation of calcite (Back et al., 1986; Herman and Lorah, 1988; Pentecost, 1995). For 
instance, Lorah and Herman (1988) determined that the outgassing of CO2 from the water was 
affected mostly by the turbulence of the stream, in accord with more recent findings (Jones and 
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Renaut, 2010; Pentecost, 2005; Pentecost et al., 2014; Szramek et al., 2011). However, Lorah 
and Herman (1988) did not investigate the role of other parameters such as salinity and 
temperature, on the outgassing rate. 
The large numbers of springs that discharge groundwater with elevated PCO2 warrant the 
inclusion of spring water CO2 fluxes into global CO2 budgets. The objectives of this study were 
to calculate the flux of CO2 from four springs and the associated spring runs, to compare the 
fluxes to values reported in the literature, and to estimate the magnitude of the underestimation 
of the global CO2 budget. 
3.3 Site Description 
The field area is located near Bromide, OK on the eastern edge of the Arbuckle Simpson 
uplift, the eastern edge of the Arbuckle-Simpson Aquifer (ASA), and the western edge of the 
Arkoma Basin (Figure 3.1 a). The area of the Arbuckle Simpson uplift and ASA has been  
influenced by extensive tectonic activity that occurred during the early to late Pennsylvanian, 
resulting in the formation of well-studied and economically important oil and gas reservoirs 
(Figure 3.1 a) (Cederstrand, 1997; Christenson et al., 2009; Johnson, 1991). The uplift induced 
faults, fractures, and joints that were observed in the field as well as reported in the literature 
(Cederstrand, 1997; Ham et al., 1954). Subsequent dissolution of the carbonate bedrock has 
enlarged some of the fractures to conduits.  
The Bromide springs, Ekie, Tower, Rattlesnake, and Mary Mac, are located in a relatively 
small geographic area (450 m2; Figure 3.1 b). In the early 1900’s, the Bromide area was 
developed as a mineral spa. At that time, the springs’ orifices were modified and the discharge of 
spring water now occurs through metal pipes. The springs discharge water from Ordovician age 




Figure 3.1. Location of the study site with respect to a) the Arbuckle Simpson Aquifer, the 
Arbuckle Simpson Uplift, and the Anadarko Basin.  The southern edge of Oklahoma and its 
counties are also included for reference; b) map of a portion of Bromide, OK the locations of the 
four springs, and Stiff diagrams of the spring water chemistry. The scale bar in the Stiff 
Diagrams  is in units of meq L-1.  Ion concentrations are separated into the groups: halides, 
alkalis, divalents, and alkalinity.  Halides include Cl-, Br-, and F-.  Alkalis include Na+, K+, and 
Li+.  Divalents include Ca2+, Mg2+, and Sr2+.  Alkalinity includes HCO3-. 
to moderately sloping terrain, and mixed forests and grasslands. With the exception of surface 
runoff that occurs during precipitation events, the springs supply the total volume of water to the 
spring runs. In general, water depths of the spring runs are less than 0.1 m. Channel widths are 
less than 0.2 m and are generally uniform. Microbial mats surround each of the springs’ orifices 
and cover the rock surfaces and stream channels (Headd and Engel, 2013). 
3.4 Methods 
Water samples were collected in July 2010, October 2010, February 2011, and June 2011 
from the four springs and from along the four spring runs, although, water samples were not 









salinity, temperature, specific conductance, and concentrations of dissolved oxygen (D.O.) and 
hydrogen sulfide (H2S) were determined in the field. Water samples for alkalinity and major and 
minor ions were filtered using a 0.22 µm Millipore filter into polyethylene bottles and kept cold 
until analyzed. Concentrations of alkalinity (as HCO3-) were determined via titrations using the 
fixed endpoint method the same day that the water was collected. Cation concentrations for B3+, 
Ca2+, Mg2+, Mn2+, Sr2+, Li+, K+, Na+, Fe3+, and Si4+ were determined via ICP analyses (Martin et 
al., 1994) and anion concentrations of Br-, Cl-, F-, NO3-and SO42- were determined by ion 
chromatography (Hautman and Munch, 1997). The PCO2 and the saturation index (SI) of the 
water with respect to calcite, dolomite, and other mineral phases, were calculated using 
PHREEQC Interactive (version 2.18) (Parkhurst and Appelo, 1999) with the phreeqc.dat 
thermodynamic database (Parkhurst and Appelo, 1999). 
3.4.1 Flux Calculations 
The CO2 flux (mol m-2 s-1) across the water-atmosphere interface was calculated using the 
flux equation, Equation 3.1, of Wanninkhof et al. (2009), 
     FCO2 = κK0(PCO2w – PCO2a) (3.1) 
where K0 (mol m-3 atm-1) is the aqueous – phase solubility of CO2, κ (cm h-1) is the gas transfer 
velocity of CO2, and PCO2 is the partial pressure of CO2 of the water (PCO2w) and the air (PCO2a). 
Positive FCO2values represent a flux of CO2 from the water to the atmosphere. 
Aqueous-phase solubility of CO2 (K0) strongly influences the CO2 flux. The values of K0 
were determined using the equation of Weiss (1970, 1974), 
𝑙𝑙𝐾0 =  −58939.1 + 90506.9�100 𝑇� � + 22294�
𝑇
100� � + 𝑆‰ �27.766 ± 25.888�
𝑇
100� � +





where T is the temperature in kelvin and S‰ is the salinity in parts per thousand. An increase in 
either salinity or water temperature results in lower K0 values (Weiss, 1974). A key assumption 
of Equation 3.2 is that the CO2 in the atmosphere and in the water are well mixed (Weiss, 1970; 
Weiss, 1974). 
Accurate measurements and calculations of κ are difficult, and as a result, values of κ vary 
greatly (Raymond and Cole, 2001). Following the process of Atkins et al. (2013), values of κ 
were calculated using two different equations, one from Raymond and Cole (2001), and the other 
from Borges et al. (2004). By using two different equations, a range of possible values of κ and 
hence of the CO2 fluxes were found. The equation of Raymond and Cole (2001) is, 
 𝑘 = 1.91 ∗ 𝑒(0.35∗𝑢) ∗ (𝑆𝑆 600� )
−0.5  (3.3) 
The equation of Borges et al. (2004) is, 
 𝑘 = (4.045 + 2.58 ∗ 𝑢) ∗ �𝑆𝑆 600� �
−0.5
  (3.4) 
where u is the wind velocity 10 m above the water surface, and Sc is the Schmidt number. The 
Schmidt number (Wanninkhof, 1992), for fresh water is defined as, 
                       𝑆𝑆 = 1911.1 − (118.11 ∗ 𝑇) + (3.45527 ∗ 𝑇2) − (0.04132 ∗ 𝑇3) (3.5) 
where T is in Celsius. Equations 3.3 and 3.4 have been altered slightly following standard 
convention, i.e. Wanninkhof (1992). Due to the limited dimensions of the spring runs and due to 
the vegetation and terrain surrounding the spring runs, the impact of wind on the value of κ was 
assumed to be negligible (Johnson et al., 2008; Zappa et al., 2007). Regardless of which equation 
(Equation 3.3 or 3.4) is used to calculate κ, this assumption results in lower calculated fluxes 





The spring waters at the orifices and along the spring runs were Na-Cl type waters (Figure 
3.1 b). With the exception of one sample, which was excluded from subsequent calculations and 
discussion, all of the samples had a charge balance error less than 6 %. When measured, the flow 
rates of the springs ranged from 0.2 to 0.8 m s-1. Regardless of season, the temperatures of water 
at the spring orifices were nearly constant, 20.4 °C + 0.5 °C. The temperature of the water along 
the spring runs was affected by seasonal variation in the ambient air temperature and by solar 
heating resulting in a range of temperatures of + 5.0 °C. 
The pHs of the spring waters were circumneutral and increased with distance along the 
spring run (Figures 3.2 – 3.5). The CO2 and H2S concentrations decreased, whereas the D.O. 
concentrations increased, along the spring runs. For nearly all times and for nearly all springs, 
the H2S concentrations decreased to values that were not detectable at the distal end of the spring 
runs. The exception was Tower spring in October, 2010. The PCO2 at the orifice of the springs 
ranged from 10-1.21 to 10-1.82 atm (Figures 3.2 – 3.5). The PCO2 in the water decreased with 
increasing distance from the orifice and ranged from 10-1.55 to 10-2.72 atm. 
The increase in pH and decrease in PCO2 of the waters along the spring runs resulted in an 
increase in the SI of the water with respect to calcite (Figures 3.2 and 3.3). The calculated 
κ values ranged from 1.8 to 3.7 cm h-1 and are similar to values reported in the literature 
(Raymond and Cole, 2001). The calculated CO2 fluxes ranged from 276 to 1138 mmol m-2 d-1 
(Equation 3.3) or from 585 to 2410 mmol m-2 d-1 (Equation 3.4). 
3.6 Discussion 
The CO2 fluxes across the water-atmosphere interface were dissimilar between springs and 
between seasons (Figure 3.6). The CO2 fluxes depended on the pH (R2 = 0.59), salinity (R2 =  
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Figure 3.2. a) pH, b) Ca2+concentrations, c) PCO2, d) TIC e) SI with respect to calcite, and f) 













Figure 3.3. a) pH, b) Ca2+concentrations, c) PCO2, d) TIC e) SI with respect to calcite, and f) CO2 








   
  
   
 
Figure 3.4. a) pH, b) Ca2+concentrations, c) PCO2, d) TIC e) SI with respect to calcite, and f) CO2 














Figure 3.5. a) pH, b) Ca2+concentrations, c) PCO2, d) TIC e) SI with respect to calcite, and f) 







0.31), and Ca2+ concentrations (R2 = 0.26), but not the alkalinity (R2 = 0.06) of the spring waters. 
As would be expected, the springs with the highest PCO2 had the highest CO2 fluxes. Spatial and 
temporal variations in the CO2 fluxes were not be correlated with changes in water temperature, 
because the water temperatures at the spring orifices were stable. However, the CO2 flux was 
correlated with the pH (R2 = 0.59), the salinity (R2 = 0.31), and the calcium concentrations (R2 = 
0.26) of the water. The correlation of salinity with the CO2 flux is expected as it is a component 
of Equation 3.2. Interestingly, the CO2 flux was not correlated with alkalinity as would be 














Figure 3.6. Concentrations of chloride (mmol L-1) versus temperature (⁰C) for the water 
chemistry data from the literature values (Table A1). The CO2 fluxes (mmol m-2 d-1) for some of 
the samples have been indicated where possible above the sample. The insert shows the entire 
data set, whereas the larger graph highlights data at lower chloride concentrations. 
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The CO2 fluxes at the distal end of the spring runs were not affected by the water 
temperature (Figures 3.2 – 3.5). Low water temperatures should translate to lower CO2 fluxes 
due to the increase in solubility of CO2 with lower water temperatures (Weiss, 1974), however, 
this was not observed. The morphology and bed roughness of each spring channel did not 
noticeably vary over the sampling period, and therefore are not thought to have influenced the 
CO2 fluxes along each of the spring runs. However, this was not examined in a quantitative 
manner. The presence of biofilms at the springs and along the spring runs likely reduced the CO2 
flux from the water by lowering the roughness of the stream bed (Frew et al., 2004). 
Despite the spring water transitioning from undersaturation or near equilibrium at the spring 
to oversaturated with respect to calcite at the distal end of spring runs, calcite precipitation did 
not occur along the spring runs. This field observation and analytical result was supported by the 
constant Ca2+ concentrations along the spring runs (Figures 3.2 – 3.5). The absence of calcite 
precipitation is likely due to the kinetic inhibition of calcite precipitation (Dandurand et al., 
1982; Herman and Lorah, 1988; Jacobson and Usdowski, 1975). 
Changes in the spring water chemistry between the orifice and the spring run were primarily 
due to the CO2 flux from the water and the resulting lower PCO2 in the spring water. These lower 
PCO2 values resulted in changes to the pH, TIC, and SI with respect to calcite of the spring water 
(Figures 3.2 – 3.5). The CO2 flux and H2S, and the oxidation of H2S, also influenced the 
diversity of the microbial mat at the orifice of Rattlesnake spring and along the spring run 
(Headd and Engel, 2013).  
The range of CO2 fluxes from different springs and wells was calculated from literature 
values of water chemistry (Banner et al., 1989; Carpenter and Miller, 1969; Christenson et al., 
2009; Davis et al., 2001; Favara et al., 1998; Grasby et al., 2000; Grasby and Lepitzki, 2002; 
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Helz and Sinex, 1974; Langmuir, 1971; Long et al., 1988; Lorah and Herman, 1988; Luiszer, 
2009; Mayo and Muller, 1997; Nordstrom et al., 2005; Panno et al., 2005). The water chemistry 
data were from 187 samples, with most being from different springs and wells, but some samples 
were repeated (Table B.1). Following the same methodology, the calculated fluxes ranged from -
7 to 25,076 mmol m-2 d-1 (Equation 3.3) (st. dev. = 7148 mmol m-2 d-1) and from -15 to 53,107 
mmol m-2 d-1 (Equation 3.4) (st. dev. = 15,138 mmol m-2 d-1). The largest fluxes did not 
correspond to water with low salinities and ambient temperatures (Figure 3.6), but the reason for 
this though is not readily apparent. 
3.7 Conclusions 
The values of the CO2 fluxes from the springs of this study are similar to those from 
estuaries (Atkins et al., 2013; Raymond and Cole, 2001), were greater than those from headwater 
streams (Johnson et al., 2008) and from rivers (Zeng and Masiello, 2010), and were similar to 
those from other springs and groundwaters (Banner et al., 1989; Carpenter and Miller, 1969; 
Christenson et al., 2009; Davis et al., 2001; Favara et al., 1998; Grasby et al., 2000; Grasby and 
Lepitzki, 2002; Helz and Sinex, 1974; Langmuir, 1971; Long et al., 1988; Lorah and Herman, 
1988; Luiszer, 2009; Mayo and Muller, 1997; Nordstrom et al., 2005; Panno et al., 2005). 
Similar to previous research, the pH and the salinity of the spring water influenced the PCO2 and 
the flux of CO2 from each spring and its spring run. Unlike previous research, that showed a 
relation between water temperature and PCO2, in this study no such relation was found. 
Concentrations of calcium of the water had a greater influence on the PCO2 than the salinity did. 
The bicarbonate of the spring water did not control the PCO2 or the subsequent CO2 flux from 
each spring and its spring channel. The morphology and bed roughness along the spring runs 
might have influenced the CO2 fluxes, but this was not examined. The presence of the biofilms, 
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at the springs and along the spring runs, likely reduced the CO2 flux from the water by lowering 
the bed roughness along the spring runs (Frew et al., 2004). Individually, the CO2 flux from each 
spring to the atmosphere is small when compared to that of estuaries or large river systems. 
However, the incorporation of the CO2 flux from carbonate springs across the United States and 
the world will lead to a more complete and accurate understanding of the global CO2 budget. 
This ultimately will lead to better estimates of CO2 flux from spring waters to the atmosphere 




Chapter 4. Rare Earth Elemental Variation in Ordovician Carbonate between Limpid and Cloudy 
Dolomite 
4.1 Abstract 
The processes that lead to the development of reservoirs from non-reservoirs in carbonate 
rocks are not fully understood because of their susceptibility to dissolution, dolomitization, and 
to other water-rock interactions. While interpreting the geochemical signatures of groundwater 
allows for conclusions to be made regarding recent water-rock interactions, study of the 
carbonate bedrock indicates the geochemical reactions preserved over geologic time. In this 
study, cathodoluminescence and ICP-MS and laser ablation ICP-MS (LA-ICP-MS) are used to 
provide a detailed examination of the changes in ∑REE, REE +Y patterns, and trace elemental 
concentrations in the Manitou Formation in and around past locations of enhanced flow 
conditions so as to determine the geochemical signatures preserved in the bedrock. The results 
indicate the presence of two main types of dolomite grains, D1 (cloudy formed by brackish fluid) 
and D2 (limpid formed by meteoric water), that were diagenetically altered by two different 
water types, a brackish water and a meteoric water, indicated by differences in the luminescence, 
∑REE, REE + Y patterns, trace elemental concentrations, and by petrographic properties. The 
differences in ∑REE between the two grain types, D1 and D2, are due to the dolomitizing fluid. 
The REE + Y, ∑REE, and trace elemental data indicate oxic conditions were present during the 
dolomitization and alteration of the Manitou Formation. The REE + Y patterns also indicated 
changes in redox conditions. When normalized to PAAS four REE + Y trends were identified, 
which were dissimilar to that of a REE + Y trend of seawater and of carbonates. The results of 
the study demonstrate that by combining  LA-ICP-MS with petrographic and 
cathodoluminescence, information regarding the dolomitization of a reservoir by two different 
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fluid can be better understood as higher resolution data of the formation can be obtained helping 
to unravel the diagenetic history of the aquifer. 
4.2 Introduction 
The common occurrence of carbonate rocks, combined with their ability to hold and 
transport fluids, has transformed them into being important reservoirs of water, hydrocarbons, 
and more recently carbon dioxide. Yet there is still uncertainty regarding the formation of 
reservoirs from non-reservoirs. Geochemical signatures, from active springs only, provide 
information on recent or ongoing water-rock interactions. In order to go farther back into the 
geologic record to identify past water-rock interactions, the rocks must be examined, because the 
rocks should preserve the signature of the water-rock interactions responsible for the formation 
of the reservoir. However, unlocking the information preserved in carbonate rocks that led to the 
formation of a reservoir from a non-reservoir, and their subsequent alteration, has proven 
difficult because the trace elements and the major ions are susceptible to alteration during 
diagenesis and burial (Banner et al., 1988; Miura and Kawabe, 2000; Wang et al., 2014). This 
has resulted in uncertainty of the conditions that led to the alteration of past and current 
reservoirs due to at times conflicting conclusions (Banner et al., 1989; Das et al., 1990; Stueber 
and Walter, 1991). Major and minor ions and trace elements are also modified during the 
dolomitization of carbonate rocks, the formation of which remains to be a contentious topic with 
several hypotheses regarding its formation, despite its common occurrence (Machel, 2004). To 
help identify information preserved in carbonate rocks, a combination of cathodoluminescence 




Concentrations of Mn2+ and Fe2+, contained in the carbonate rocks and observed using  
cathodoluminescence, provide useful qualitative information about the redox conditions of the 
depositional and diagenetic environment as the Mn2+/Fe2+ ratio determines the intensity of the 
luminescence (Machel, 1985). Carbonates formed in oxic waters accumulate Mn2+, whereas 
those formed in anoxic waters accumulate Fe2+ (Lenz et al., 2014). The diffusion rate for these 
ions from the carbonate crystal lattice occurs slower than the incorporation of these ions into the 
lattice, resulting in sector and intersectoral zoning in carbonate minerals (Reeder, 1991). Zoning 
in carbonate grains  indicates changes in  bulk fluid conditions aiding in the interpretation of the 
diagenetic history (Machel and Burton, 1991; Reeder, 1991). 
Unlike trace elements, the redox conditions obtained from marine water sources and from 
basinal brines as REE are not influenced by the dolomitization (Banner et al., 1988; Miura and 
Kawabe, 2000). Thus, methods utilizing ICP-MS and more recently LA-ICP-MS have become 
more wide spread as they allow for the analysis of REE chemistry of the rock. The REE 
concentrations are compared against the reference material Post Archean Australian Shale, 
PAAS (McLennan, 1989). The addition of LA-ICP-MS to the interpretation of carbonate rocks 
increases the amount of information that can be gained on the redox conditions present at the 
time of deposition from marine waters and from basinal brines and the bedrock’s subsequent 
diagenetic alteration, as this allows for in-situ analyses (Bourdin et al., 2011 Cullers, 2002; 
Jouchum 2012). Each of the REE have different sensitivities to redox conditions, are affected by 
the pH, by surface complexation by Fe and Mn oxides, and by the rock composition in different 
ways (Choi et al., 2009). Cullers (2002) demonstrated the ability to determine the redox 
conditions of the depositional environment through the use of Ce/Ce* ratios and Mn* values, 
where low ratios and large values indicate oxidizing conditions. Furthermore, when the samples 
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are compared against the PAAS REE signature or the trend of modern seawater, additional 
information regarding the extent of diagenesis is obtained (Johannesson et al., 2006). Heavy rare 
earth element (HREE) enrichment is a common characteristic of modern seawater and terrestrial 
sources. Modern seawater also displays a positive Gd anomaly and large Y/Ho molar ratios with 
a range of approximately 50 – 130 molal (Johannesson et al., 2006; Nozaki et al., 1997). 
The REE and geochemical information from the mixing of those two waters in the 
subsurface can be obtained from the carbonate bedrock providing information in the redox 
conditions (Nuriel et al., 2011). By gaining a more thorough understanding of the diagenetic 
information preserved in the carbonate bedrock, a more comprehensive understanding of the 
water-rock interactions that led to the formation of the reservoir will be obtained. Studying 
conduits and fractures should lead to a better understanding of changes to fluid chemistry as 
these are areas of fluid migration in carbonate aquifers, and thus provide ideal locations to 
examine diagenetic processes (White, 2002). 
One question yet to be resolved is ‘what geochemical signature is expected to be preserved 
in the carbonate rock record of a saline water and fresh water mixing zone?’ The objective of this 
study are to unravel the diagenetic and fluid flow history of the Manitou Formation, so as to 
better understand the diagenetic alterations of dolomite located at a former mixing zone between 
saline water and fresh water. 
4.3 Site Description 
The location of the field site is a well exposed section of the Manitou Formation, an 
Ordovician dolomitic carbonate. The location of the exposure is on the Louisiana State 
University Charles Barney Geology Field Camp, near Colorado Springs, CO (Figure 4.1). In 
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Colorado, the Manitou Formation is locate along the Front Range of the Rocky Mountains (Berg, 
1960; Swett, 1964). At the field site, the Manitou Formation was deposited nonconfomably on  
 
Figure 4.1. Location of the LSU Field Camp and the field site. The location of the samples is 
indicated by the black circle. The city of Colorado Springs is northeast. Fort Carson is adjacent 




the Precambrian igneous and metamorphic rocks, and is overlain by the Harding Sandstone 
(Swett, 1964). The Ute Pass thrust fault uplifted and exposed the Manitou Formation so that it is 
exposed next to Cretaceous layers at the field site. The portion of the Manitou Formation of this 
study is a 30 m long by 10 m high outcrop that includes well preserved conduits (0.3 m to 0.7 m 
in diameter) surrounded by rock matrix (Figure 4.2). The geology of the Front Range has been  
 
Figure 4.2. Locations of the hand samples in the section of the Manitou Formation sampled for 
this study. The spacing of each sample location along the transect was 0.3 meters. 
previously described (Maher, 1950; Swett, 1964). Additionally, Sweet (1964) has previously 
described the petrology of an adjacent Manitou Formation outcrop on field camp property 
The Manitou formation originated as a allochemical limestone deposited in a warm marine, low 
to moderate energy environment (Swett, 1964). Biomicrite, biomicrosparite, intramicrite, and 
micrite, in order of decreasing abundance, comprises the lithology of the original limestone 
(Swett, 1964). After deposition, the Manitou Formation was dolomitized, with the southern 
portions of the Manitou Formation being completely dolomite (Swett, 1964). Silicification, 
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calcitization, present as rims on dolomite grains, and oxidation of Fe and Mn  subsequently 
followed dolomitization (Swett, 1964).  
4.4 Methods 
Two transects, from the conduits, with a sample spacing of 0.3 m were set up and used to 
collect rock samples from the outcrop (Figure 4.2). The samples were transported back to 
Louisiana State University (LSU) for preparation and analysis. A total of 24 thin sections were 
made from the samples collected from the Manitou Formation (Figure 4.2). Thin sections were 
prepared at LSU, and were then identified/characterized via plain polarize light (PPL) and cross 
polarized light (XPL) petrography, cathodoluminescence (CL), and staining using Alizarian red 
S and potassium ferricyanide (Dickson, 1965, 1966). The method of Dickson (1965, 1966) was 
altered slightly and resulted in the use of 1 % HCl solution. Thin sections were analyzed for CL 
using a range of beam voltages, between 5.0 kV and 6.2 kV depending on the luminescence of 
each thin section, and a current of 0.75 mA. 
Five of the thin sections, yielding 82 samples, were examined using LA-ICP-MS. The LA-
ICP-MS analyses were completed at LSU on a high resolution sector-field ICP-MS Thermo 
Element2, with a New Wave UP193SS, with a 213 nm Nd:YAG laser. LA-ICP-MS analyses 
were completed using a laser spot size of 100 µm for all analyses. The laser shot frequency was 
10 Hz, the laser energy was 5 %, and a count burst of 100 used. The carrier gas consists of 0.8 L 
min-1 helium. Each analysis had, a shutter delay of 10s, a 40 second flush time between samples, 
a sample run time of 10 s, a gas blank of 10 s, and a total run time of 50 s. A medium mass 
resolution mode was used for the analyses as it has a better resolution than the low mass 
resolution mode (Jochum et al., 2012). Elements analyzed include: major elements, 26Mg and 
42Ca, the trace elements 27Al, 29Si, 51V 86Sr, 55Mn, 57Fe, 95Mo 137Ba, and 238U, and REE 139La, 
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140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 89Y, 165Ho, 166Er, 169Tm, 172Yb, and 175Lu. 
Data reduction for the elemental concentrations were completed using Iolite version 2.5 
(Melbourne University). Element peaks were calibrated using the MACS-1 USGS carbonate 
standard with the NIST SRM 612 standard as an external standard. The errors with respect to 
Mg, determined from USGS MACS-3, were generally less than 10 % (Table C.1) (Jochum et al., 
2012). REE concentrations are normalized to the standard Post Archean Average Shale (PAAS) 
(McLennan, 1989). 
4.5. Petrography Results 
4.5.1 Petrography 
Petrographic examination of the Manitou Formation revealed three types of dolomite grains 
D1, D2, and D3. D1 has a total abundance as compared to the other occurrences typically greater 
than 90%, with medium to coarse, equant, non-planar to planar-s (Sibley and Gregg, 1987) non-
ferroan grains that form a nonmimic fabric. Grains are between 20 and 150 µm and have cloudy 
cores and cloudy to clear rims under plain polarized light (Figures 4.3 – 4.8). D1 grains have dull 
to medium luminescence, with some instances of visible concentric zoning (Figures 4.3 – 4.8). 
Nonmimic replacement has completely altered the original calcite fabric of Manitou Formation 
at this location. Ghosts of the original calcite grains, fossils, deformed ooids and brachiopod 
pieces, and the matrix are visible as, differences in the Fe and Mn oxidation patterns, 
concentrations of inclusions in the grains, and by the CL patterns (Figures 4.3 – 4.8). 
D2 has an abundance of 5 to 10 %, and fills a pore and fracture with clear (limpid) medium 
to coarse grains. Grain sizes are between 100 and 300 µm (Figures 4.3 – 4.8). D2 grains have 






Figure 4.3. a) LA-ICP-MS locations for samples 1 A – D and M and N, b) CL image of samples 
1 A – D and M and N, c) LA-ICP-MS data for samples 1 A – D, d) LA-ICP-MS data for samples 
1 and M and N e) LA-ICP-MS locations for samples 1 F – I, f) CL image of samples 1 F – I, g) 
LA-ICP-MS data for samples 1 F- I, h) LA-ICP-MS locations for samples 1 K – L, i) CL image 
of samples 1 K – L, j) LA-ICP-MS data for samples 1 K – L 
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Figure 4.4. a) LA-ICP-MS locations for samples 10 A – H, b) CL image of samples 10 A – H, c) 
LA-ICP-MS data for samples 10 A – H, d) LA-ICP-MS locations for samples 10 I – M, e) CL 
image of samples 10 I – M, f) LA-ICP-MS data for samples 10 I – M, g) LA-ICP-MS locations 
for samples 10 N – Q, h) CL image of samples 10 N – Q, i) LA-ICP-MS data for samples 10 N – 
Q, j) LA-ICP-MS locations for samples 10 R – T, k) CL image of samples 10 R – T, l) LA-ICP-
MS data for samples 10 U – X, m) LA-ICP-MS locations for samples 10 U – X, n) CL image of 
samples 10 U – X, o) LA-ICP-MS data for samples 10 U – X 
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Figure 4.5. a) LA-ICP-MS locations for samples 13 A – D, b) CL image of samples 13 A – D, c) 
LA-ICP-MS data for samples 13 A – D, d) LA-ICP-MS locations for samples 13 G – I, e) CL 
image of samples 13 G – I, f) LA-ICP-MS data for samples 13 G – I, g) LA-ICP-MS locations 
for samples 13 E and F and J and K, h) CL image of samples 13 E and F and J and K, i) LA-ICP-
MS data for samples 13 E and F and J and K, j) LA-ICP-MS locations for samples 13 L and M, 
k) CL image of samples 13 L and M, l) LA-ICP-MS data for samples 13 L and M
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Figure 4.6. a) LA-ICP-MS locations for samples 23 A – C, b) CL image of samples 23 A – C, c) 
LA-ICP-MS data for samples 23 A – C, d) LA-ICP-MS locations for samples 23 D – I, e) CL 
image of samples 23 D – I, f) LA-ICP-MS data for samples 23 D – I, g) LA-ICP-MS locations 
for sample 23 J, h) CL image of sample 23 J, i) LA-ICP-MS data for samples 23 J, j) LA-ICP-
MS locations for samples 23 Q – S, k) CL image of samples 23 Q – S, l) LA-ICP-MS data for 
samples 23 Q – S
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Figure 4.7. a) LA-ICP-MS locations for samples 23 K – N, b) CL image of samples 23 K – N, c) 
LA-ICP-MS data for samples 23 K – N, d) LA-ICP-MS locations for samples 23 O and P, e) CL 
image of samples 23 O and P, f) LA-ICP-MS data for samples 23 O and P 
inclusion in the grains is low when compared to D1. Non-luminesce cores with dull 
luminescence in the remainder of the D2 grains are present, with some instances of zoning. 
Dolomite in veins, conduits, and breccia fracture fill has bright red to red-orange luminescence. 
In some instances late-stage calcite cement is seen between the D1 and D2 grains in pore spaces, 
and is visible as orange and bright luminescence (Figures 4.3 – 4.8). 
D3, siderite, has a limited abundance and can be identified by the presence of flat, elongated, 
rhombic grains. The grains are translucent and have an orange tint. Low amounts 
dedolomitization occurred as indicated by low amounts of ferroan calcite, non-ferroan calcite 
and ferroan dolomite. 
4.5.2 Quartz 
Detrital quartz is present throughout the thin sections and is less than 5 % of the Manitou 
Formation. The quartz grains are mostly rounded, but some angular are present. Chert is found in  
a b c 




Figure 4.8. a) LA-ICP-MS locations for samples 30 Y and Z, b) CL image of samples 30 Y and 
Z, c) LA-ICP-MS data for samples 30 Y and Z, d) LA-ICP-MS locations for samples 30 N – Q, 
e) CL image of samples 30 N – Q, f) LA-ICP-MS data for samples 30 N – Q, g) LA-ICP-MS 
locations for sample 30 R, T, and U h) CL image of sample 30 R, T, and U, i) LA-ICP-MS data 
for samples 30 R, T, and U, j) LA-ICP-MS locations for samples 30 W, X, and V, k) CL image 
of samples 30 W, X, and V, and l) LA-ICP-MS data for samples 30 W, X, and V 
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multiple varieties ranging from microcrystalline to medium grained and is common in conduits, 
fractures and in ghost fossils (i.e. sample 23, Figure 4.6). Chert recrystallization as fill in fossils 
was observed in some thin sections, (i.e. sample 31, Figure 4.7), but such occurrences were not 
widespread. Chalcedony only occurred as fill in vugs and is less abundant than chert. 
4.5.3 Oxides 
Fe and Mn oxides were observed throughout the thin sections between grains, with D1 
grains having higher amounts than D2. Fe and Mn oxides are present mostly as intercrystalline 
and as channel fill material (Figures 4.3 and 4.6). They are also present in stylolites, which are 
less than 10 µm wide, (Figure 4.7). Leeching of Fe and Mn oxides in the samples is also 
observed. Dark luminescence was mostly associated with channels filled with oxides, stylolites, 
chert, detrital quartz, and in some D1 grains with high Fe/Mn ratios. 
4.6 Geochemistry Results 
4.6.1 Major and Trace Elements 
Trace element and rare earth element data for the 5 thin sections analyzed via LA-ICP-MS 
are provided in Tables A.4.1, A.4.2, A.4.3, and A.4.4. Mg concentrations were between 4.4 x 102 
to 6.5 x 105 ppm. Mn concentrations were between 540 and 14,000 ppm. Sr concentrations had a 
range of 23.7 to 2080 ppm. The molar ratios of Mn/Sr had a range of 6.7 to 285.7 (Table C.3). 
Mo concentrations had a range that was below detection to 27.6 ppm. Ba had concentrations 
from 0.6 to 1890 ppm. Fe concentrations were 202 to 2.0 x 105 ppm (Table C.4).  
4.6.2 Rare Earth Elements 
The sum of REE (∑REE) in ppm range from 3.6 to 30,470 ppm, with the greatest 
concentrations found in the samples 1M and 1N, both were oxide fill material (Table C.1). With 
the exception of sample 1, D2 grains have lower ∑REE concentrations than D1 grains for LA-
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ICP-MS analyses from the same thin section (Table C.1). However, the range of ∑REE for D1 
and D2 grains overlapped when compared throughout the Manitou Formation (Table C.1). The 
∑REE concentration for D1 grains in close proximity to locations influenced by Fe and Mn 
oxides (i.e. samples 23 K, L, M and N) were greater than the concentrations for the locations that 
were not strongly influenced by oxidation (Table C.1). The laser size (100 µm) associated with 
the LA-ICP-MS analyses was larger than the D3 grains, which did not allow for the D3 grains to 
be sampled. 
The REE concentrations were normalized to PAAS concentrations (McLennan, 1989). 
These results indicate strong negative light-REE (LREE) anomalies, and both enrichments and 
negative anomalies for the heavy-REE (HREE) (Figures 4.3 – 4.8). After normalization, four 
trends are present in the five samples including 1) an enrichment in HREE values relative to 
PAAS, (i.e. samples 1 M and N and samples 23 Q, R, M), 2) slightly elevated but not enriched 
middle-REE (MREE), 3) flat and negative LREE anomalies, and 4) Gd and Y (or just Gd) 
enrichments and negative REE anomalies (Figures 4.3 – 4.8, Table C.1).  
Except for sample 23, which has enriched Eu/Eu* values for most of its D1 and D2 dolomite 
grains, most samples have depleted Eu/Eu* values (Table C.3). The Eu values with respect to 
PAAS are in general depleted, with a few exceptions (Figures 4.3 – 4.8). Negative Ce/Ce* 
anomalies are observed for all results except for samples 1 M, 1 N, 10 A through 10 E, 13 H, 23 
L, and 23 M, which have enriched Ce/Ce* values (Table C.3). In instances when the Ce/Ce* 
ratios are enriched, the Ce concentrations are still less than the Ce PAAS values (Table C.3; 
Figures 4.3 – 4.8). The Pr/Pr* values generally are close to 1 for most of the samples, except for 
samples 1M, 1N, and 23D. Most of the Gd/Gd* values are enriched and the Gd values exceeded 
PAAS. Except for the samples from 23, most of the La/La* values were less than 1 (Table C.3). 
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Y/Ho molar ratios ranged from 51.2 to 1313, with the largest Y/Ho values being from 
samples with low REE concentrations. Sample 1B has a Y/Ho value of 1313, which was 
considerably higher than any of the other samples. The remainder of the Y/Ho molar values were 
mostly similar to reported values for carbonate rocks, ranging from 80 to 150, with a large 
standard deviation (Bau and Dulski, 1996) (Table C.3). 
4.7 Discussion 
The PAAS normalized REE + Y trends, ∑REE, and trace elemental concentrations of this 
study differ from that of seawater, modern unaltered carbonates, and Ordovician carbonates, 
indicating that extensive diagenetic reactions have altered the Manitou Formation (Azmy et al., 
2011; Johannesson et al., 2006; Webb and Kamber, 2000). The alterations to the REE signatures 
were not the result of dolomitization as dolomitization results in an increase in the concentrations 
of the ∑REE, but not a change in the initial ∑REE calcite signature of the rock (Azmy et al., 
2011; Banner et al., 1988). Therefore, while four REE + Y trends are identifiable, dominated by 
MREE enrichment, and by negative LREE and HREE anomalies, the similarity of the REE + Y 
trends, and ∑REE, between each of the samples indicates similar redox conditions persisted 
throughout the alteration and dolomitization of the Manitou Formation (Table C.1; Figures 4.3 – 
4.8). The low Sr concentrations of the Manitou Formation (Table A.4.1) indicates that the 
dolomite has little resemblance to the prior calcite, providing further support of extensive 
influence from the diagenetic reactions that involved terrestrial sources and/or deposition in a 
closed marine environment (Azmy et al., 2009; Nothdurft et al., 2004). The ∑REE 
concentrations from the Manitou Formation were not influenced by their location along the two 
transects, indicated by non-uniform distributions between samples (Table C.1). For instance, 
samples 1 and 10 are located at the start of the two transects next to the conduits, but do not have 
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similar REE + Y trends, ∑REE or CL characteristics for the D1 and D2 grains. Samples 1 and 10 
also have noticeably different petrographic characteristics, chiefly the presence of numerous 
ghost fossils and deformed grains in sample 1, but not in sample 10. Next to, and in, some 
conduits, stylolites, and oxidation some variation in ∑REE and REE + Y were identified, but 
these variations were not consistent between the samples or within the sample (i.e. samples 10 
and 30). The presence of the stylolites indicates that the Manitou Formation was subjected to 
burial diagenesis, and microscale locations of enhanced hydraulic conductivity. These locations 
of enhanced hydraulic conductivity, and the Manitou Formation being a former mixing zone of 
saline and meteoric water (Luiszer, 2009), are suspected to be responsible for the variable 
geochemical data (e.g. Kyser et al., 2002). 
Though oxidizing conditions were dominant during the dolomitization of the Manitou 
Formation some differences in the appearance of the dolomite grains and the geochemistry along 
the transects are present, indicated by Mn* and Ce/Ce* values, are present. These differences are 
not attributed to the series of large conduits at the start of the transects, but rather are variations 
in past locations of enhanced hydraulic conductivity. These variations in oxidizing conditions are 
most notable in sample 10 (Figure 4.4) as this samples has evidence of bleaching in the hand 
sample, thin section, and in REE data, but reducing conditions, indicated by negative Mn* and 
large Ce/Ce* values, were only identified at locations of fine grained, oxide fill material, such as 
samples 1M, 1N, 10M and 10N (Tables C.1, C.2, and C.3) (Cullers, 2002; German and 
Elderfield, 1990). Euxinic depositional conditions were not present except during the deposition 
of fine grained oxide material (i.e. samples 1 M, 1 N, 10 M and 10 N; Figures 4.3 and 4.4, Table 
C.4), which had elevated V and Mo concentrations, in addition to their large Fe and Mn 
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concentrations, indicating the possible deposition of sulfide in anoxic conditions (Meyer et al., 
2012). 
Differences in REE, luminescence, and trace element concentrations between D1 and D2 
grains of the Manitou Formation are attributed to two dolomitizing fluids with different bulk 
fluid compositions. The absence of a Eu/Eu* anomaly indicates that hydrothermal dolomitization 
was not responsible for the dolomitization of the Manitou Formation. These dolomitizing fluids 
experienced mixing resulting in the incorporation Fe and Mn into, and the release of, Sr from the 
crystal structure (Gregg and Shelton, 1989). Dolomitization and burial diagenesis led to the 
original calcite fabric not being preserved and only being distinguishable by differences in the 
degree of oxidation in the rock and in the presence ghost fossils (Figures 4.3 – 4.8). Though Fe 
was incorporated into the dolomite crystal structure, siderite, D3 grains, was not common, 
suggesting either that the amount of Fe incorporated was not sufficient or that redox conditions 
were not conducive for the widespread formation of siderite. The two dolomitizing fluids were a 
meteoric water and a basinal brine, indicated by the ranges of the Sr concentration and the CL 
and thin section characteristics of the D1 and D2 grains. Dolomite grains that have a sucrose 
texture and are cloudy indicate these grains were formed during episodes of dissolution and 
precipitation under saline conditions whereas clear (limpid) dolomite grains indicate 
precipitation from meteoric water (Choquette and Hiatt, 2008). The dolomitizing fluid that 
formed the D1 grains was a basinal brine (reduced) that mixed with a meteoric (oxic) water. The 
relative proportion of the basinal brine was greater than the meteoric water due to the sucrose 
nature of the D1 dolomite grains as cloudy dolomite is associated with saline water (Folk and 
Land, 1975; Kyser et al., 2002). The fluid responsible for the dolomitization of the D2 grains 
originated as a meteoric water, indicated by the lower ∑REE values (40.2 + 25.9), clear grains, 
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and lower Sr concentrations, as compared to the D1 grains. The vugs, filled primarily with D2 
grains, had dull luminescence and clear grains, indicating they were deposited under meteoric 
conditions (Choquette and Hiatt, 2008). The presence of D2 grains in vugs and ghost fossils, 
encased by D1 dolomite demonstrates that the D2 grains precipitated as calcite and were then 
dolomitized after the D1 grains had been formed, In some instances D2 grains precipitated 
around D1 grains, visible as clear grains formed around the cloudy D1 grains (Kyser et al., 2002; 
Scholle and Ulmer-Scholle, 2003). The presence of Fe and Mn oxides alters the REE signature, 
making interpretations of the information stored in the rock difficult and as a result other 
diagenetic reactions could not be determined. Therefore, the data suggests that at the onset of 
dolomitization of D1 grains the Manitou Formation was below the mixing zone formed by the 
mixing of meteoric water and brackish water, but still in oxic waters. After the initial 
dolomitization, a period of dissolution occurred as indicated by the presence of vugs, conduits, 
and other karstic features. This was followed by a later stage of calcite precipitation and 
dolomitization of D2 grains that primarily involved meteoric water, indicated by the clear grains 
and lower ∑REE values and Sr concentrations. The late stage dolomitization occurred after the 
Manitou Formation had been uplifted, or the mixing zone was lowered. Some of the fractures are 
filled with fine and coarse grained limpid dolomite and calcite and many are filled with oxide 
precipitates (i.e. samples 1 and 31). Mixing between a reduced water basinal brine and an oxic 
meteoric water occurred during the entire dolomitization process as indicated by the elevated 






Two dolomite grains were identified in this study of the Manitou Formation, D1 grains, 
having cloudy grains and dull to bright luminescence, and D2 grains, having clear and larger 
grains and both zoned and non-zoned dark to dull-luminescence. Differences between the two 
dolomite types can be attributed to differences in bulk fluid composition and redox conditions. 
The change in bulk fluid composition was the result of changes to the location of the mixing 
zone that initially had a brackish water, under oxic conditions, chemical signature. The second 
dolomitizing fluid was a meteoric water with lower elemental concentrations. Though there were 
visible differences between dolomite grains both had similar REE + Y trends and overlapping 
∑REE and trace element concentrations. All of the samples have non-carbonate REE + Y trends 
indicating the Manitou Formation experienced extensive post-depositional diagenetic alterations. 
The conclusions that can be discerned are general changes to the redox conditions and bulk fluid 
chemistry across the transects, but oxic conditions prevailed. This study demonstrates that the 
use of LA-ICP-MS,  petrographic methods, and cathodoluminescence are able to provide a more 
detailed understanding of changes to fluid chemistry that are preserved in the rock record, but 
halides need to be included in the analyses in order to gain a more complete understanding of the 




Chapter 5. Conclusions 
The results from the site with the modern-day mixing zone (the Oklahoma field site), in a 
carbonate aquifer, indicate that mixing between saline water and meteoric water along with 
dissolution of anhydrite and dolomite and precipitation of calcite controls spring water 
chemistry. Due to the small size of the study site and the range of Cl- concentrations, 
independent flow networks supply water to each of the springs. There is also a “wet” and “dry” 
aspect of the springs controlled by the amount of basinal brine from the Arkoma basin mixes 
with meteorically derived water. In addition, the flux of CO2 was calculated to be similar those 
from estuaries (Atkins et al., 2013; Raymond and Cole, 2001), were greater than those from 
headwater streams (Johnson et al., 2008) and from rivers (Zeng and Masiello, 2010), and were 
similar to those from other springs and groundwaters (Banner et al., 1989; Carpenter and Miller, 
1969; Christenson et al., 2009; Davis et al., 2001; Favara et al., 1998; Grasby et al., 2000; 
Grasby and Lepitzki, 2002; Helz and Sinex, 1974; Langmuir, 1971; Long et al., 1988; Lorah and 
Herman, 1988; Luiszer, 2009; Mayo and Muller, 1997; Nordstrom et al., 2005; Panno et al., 
2005). 
The results from the site with a former mixing zone (the Colorado field site) indicated that 
changes in redox conditions during deposition of the carbonate were preserved. However a clear 
pattern of mixing (as indicated by discernable differences in REE and trace elements) was not 
observed, as indicated by overlapping ∑REE values of the dolomite. 
Overall, these results indicate that despite clear indications of water-rock interaction at an 
active mixing zone of saline and fresh waters, the signature of mixing zones are not as clearly 
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Appendix A. Data Tables for, Geochemistry of Brackish Springs 
Table A.1. Major and minor geochemical data of the spring water measured at the seven brackish springs. 
Sample Name Cl- + STD Br- + STD SO42- + STD Na+ + STD Ca2+ + STD Mg2+ + STD Sr2+ + STD HCO3-  
Rattlesnake                 
June 2011 63.8 + 5.0 0.1 + 0.0 3.3 + 0.2 44.1 + 0.6 7.5 + 0.1 6.0 + 0.1 0.2 + 0.0 3.7 
February 2011 68.0 + 2.4 0.1 + 0.0 3.3 + 0.4 44.9 + 0.5 7.6 + 0.1 6.1 + 0.1 0.2 + 0 4.8 
October 2010 78.5 0.1 3.8 53.4 6.6 7.2 0.1 5 
July 2010 66.3 0.08 3.4 43.1 7.8 6.7 0.2 4.7 
Tower                 
June 2011 32.5 + 0.4 0.0 + 0.0 2.0 + 0.0 26.8 + 0.9 4.6 + 0.1 3.7 + 0.1 0.1 + 0.0 4.4 
February 2011 38.1 + 1.7 0.0 + 0.0 1.7 + 0.1 27.1 + 0.6 4.6 + 0.0 3.7 + 0.1 0.1 + 0.0 4.7 
October 2010 40.7 0 2.4 30.8 4 4.5 0 5.2 
July 2010 36 0.1 2.2 32.6 4.3 3.6 0.1 5.1 
Mary Mac                 
June 2011 20.5 + 0.1 0.0 + 0.0 1.1 + 0.0 16.3 + 0.1 2.7 + 0.0 2.2 + 0.0 0.1 + 0.0 4.7 
February 2011 18.5 + 0.5 0.0 + 0.0 0.9 + 0.2 15.6 + 0.4 2.8 + 0.0 2.2 + 0.0 0.1 + 0.0 5.5 
October 2010 20.8 0 1.3 17.5 2.4 2.7 0 5.4 
July 2010 18.3 0 1.1 13.9 2.7 2.3 0.1 5.4 
Ekie                 
June 2011 112.0 + 1.7 0.1 + 0.0 5.9 + 0.0 75.9 + 2.3 12.9 + 0.2 9.6 + 0.2 0.31 + 0.1 4.1 
February 2011 109.7 + 4.6 0.1 + 0.0 6.0 + 0.8 77.0 + 2.3 12.6 + 0.3 9.4 + 0.2 0.3 + 0.0 4.2 
October 2010 137.8 0.2 7.1 93.3 11.3 12.4 N.D. 4.6 
July 2010 115.8 0.1 5.6 73.1 13.2 10.4 0.3 5.3 
Murphy                 
“N.D.” No data available for that analysis 
“STD” indicates the standard deviation of a ion concentration.  Standard deviations are not available for July and October 2010 as 
only one sample was analyzed 
71 
 
Table A.1 continued. Major and minor geochemical data of the spring water measured at the seven brackish springs. 
Sample Name Cl- + STD Br- + STD SO42- + STD Na+ + STD Ca2+ + STD Mg2+ + STD Sr2+ + STD HCO3- 
June 2011 107.1 + 2.3 0.1 + 0.0 5.5 + 0.1 71.4 + 1.1 12.6 + 0.1 9.6 + 0.1 0.3 + 0.0 4.1 
July 2010 88.8 0.1 4.9 25.9 7.8 4.5 0.1 5.5 
Katy                 
June 2011 116.4 + 3.3 0.2 + 0.0 7.5 + 0.2 81.5 + 2.0 13.6 + 0.3 10.0 + 0.2 0.3 + 0.0 4.1 
July 2010 117.7 0.2 6.6 55.1 12.4 8.9 0.2 4.9 
1911                 
June 2011 43.5 + 1.6 0.1 + 0.0 2.9 + 0.0 33.0 + 0.5 7.1 + 0.1 4.2 + 0.0 0.1 + 0.0 4.5 
February 2011 45.1 + 2.1 0.1 + 0.0 2.3 + 0.3 30.2 + 0.9 6.9 + 0.3 3.9 + 0.1 0.1 + 0.0 4.3 
October 2010 61.3 0.1 3.3 43.3 7.9 7.1 0.1 5.5 
July 2010 43.1 0.1 2.2 25.9 7.8 4.5 0.1 5.7 
“N.D.” No data available for that analysis 
“STD” indicates the standard deviation of a ion concentration.  Standard deviations are not available for July and October 2010 as 
only one sample was analyzed 
*All concentrations in mmol L-1 
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Table A.2. Geochemical data of the field parameters measured at the seven brackish springs. 
Sample ID  Temperature (°C) pH Flow rate (m s-1) H2S (mmol L-1) D.O. (mg L-1) 
Rattlesnake           
June 2011 20.9 7 0.2 0.3 N.C. 
February 
2011 19.9 6.6 0.54 0.1 1.1 
October 2010 20.6 6.8 N.C. 0 0.2 
July 2010 20.7 6.9 N.C. N.C. 0.1 
Tower           
June 2011 20.6 7.1 0.28 0.1 0.5 
February 
2011 19.6 7.2 N.C. 0.1 0.3 
October 2010 20.1 6.8 N.C. 0.1 4.9 
July 2010 20.3 7.1 N.C. 0 0.4 
Mary Mac           
June 2011 20.9 6.9 0.25 0.1 0.5 
February 
2011 19.6 7.1 N.C. 0.1 0.7 
October 2010 19.9 6.9 N.C. 0 0.3 
July 2010 20.6 7.2 N.C. 0 0.5 
Ekie           
June 2011 20.8 6.8 0.28 0.2 0.2 
February 
2011 20.4 6.8 0.36 0.1 0.3 
October 2010 20.5 6.6 N.C. 0 0.3 
July 2010 20.4 6.7 N.C. N.C. 0.1 
Murphy           
June 2011 19.9 6.8 N.C. 0.3 0.9 
July 2010 20.6 6.6 N.C. 0 0.4 
Katy           
June 2011 19.6 6.9 N.C. N.C. N.D. 
July 2010 19.7 6.8 N.C. 0 1.3 
1911           
June 2011 17.6 6.8 N.C. N.C. N.C. 
February 
2011 16.5 7 N.C. N.C. 4 
October 2010 19.1 6.1 N.C. 0.1 3.2 
July 2010 18.3 6.6 N.C. 0.1 2.9 
“N.C.” indicates that the measurement was not collected 
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Table A.3. Saturation indices of the spring waters calculated for the seven brackish springs. 













Rattlesnake               
June 2011 -1.2 + 0.0 -0.1 + 0.0 -0.15 + 0.0 -1.0 + 0.0 -1.0 + 0.0 -4.3 + 0.0 -1.7 + 0.0 
February 2011 -1.3 + 0.1 -0.4 + 0.0 -0.7 + 0.0 -1.2 + 0.0 -1.0 + 0.0 -4.3 + 0.0 -1.2 + 0.0 
October 2010 -1.3 -0.1 -0.2 -1.4 -1.1 -4.2 -1.4 
July 2010 -1.2 0.0 0.1 -0.9 -1.0 -4.3 -1.6 
Tower               
June 2011 -1.5 + 0.0 0.0 + 0.0 0.0 + 0.0 -0.9 + 0.0 -1.3 + 0.0 -4.8 + 0.0 -1.8 + 0.0 
February 2011 -1.6 + 0.0 0.1 + 0.0 0.2 + 0.0 -0.8 + 0.0 -1.4 + 0.0 -4.7 + 0.0 -1.8 + 0.0 
October 2011 -1.6 -0.3 -0.4 -1.6 -1.3 -4.7 -1.4 
July 2011 -1.5 0.0 0.1 -0.8 -1.3 -4.7 -1.7 
Mary Mac               
June  2011 -1.9 + 0.0 -0.3 + 0.0 -0.6 + 0.0 -1.1 + 0.0 -1.7 + 0.0 -5.2 + 0.0 -1.6 + 0.0 
February 2011 -2.0 + 0.9 0.0 + 0.0 -0.1 + 0.0 -0.9 + 0.0 -1.7 + 0.1 -5.3 + 0.0 -1.7 + 0.0 
October 2010 -1.9 -0.3 -0.5 -1.6 -1.6 -5.2 -1.5 
July 2010 -1.9 0.1 0.2 -0.8 -1.6 -5.3 -1.8 
Ekie               
June 2011 -1.0 + 0.0 0.0 + 0.0 -0.1 + 0.0 -0.8 + 0.0 -0.7 + 0.0 -3.9 + 0.0 -1.6 + 0.0 
February 2011 -0.9 + 0.1 -0.2 + 0.0 -0.1 + 0.0 -0.8 + 0.0 -0.7 + 0.0 -3.9 + 0.0 -1.6 + 0.0 
October 2010 -1.0 -0.3 -0.4 N.C. -0.7 -3.7 -1.3 
July 2010 -1.0 0.0 0.0 -0.9 -0.7 -3.9 -1.4 
Murphy               
“N.D.” No data available for that analysis. 
“STD” indicates the standard deviation of a mineral.  Standard deviations are not available for July and October 2010 as only one 
sample was analyzed 
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Table A.3 continued. Saturation indices of the spring waters calculated for the seven brackish springs. 













June 2011 -1.0 + 0.0 -0.1 + 0.0 -0.2 + 0.0 -0.9 + 0.0 -0.7 + 0.0 -3.9 + 0.0 -1.6 + 0.0 
July 2010 -0.9 0.0 0.0 -0.8 -0.7 -3.9 -1.3 
Katy               
June 2011 -0.9 + 0.0 0.1 + 0.0 0.0 + 0.0 -0.7 + 0.0 -0.6 + 0.0 -3.9 + 0.0 -1.7 + 0.0 
July 2010 -1.3 -0.2 -0.6 -1.2 -1.1 -4.7 -1.5 
1911               
June 2011 -1.3 + 0.0 -0.2 + 0.0 -0.5 + 0.0 -1.1 + 0.0 -1.0 + 0.0 -4.6 + 0.0 -1.5 + 0.0 
February 2011 -1.4 + 0.1 0.0 + 0.0 -0.2 + 0.0 -1.0 + 0.0 -1.1 + 0.1 -4.6 + 0.0 -1.7 + 0.0 
October 2010 -1.3 -0.8 -1.6 -2.2 -1.0 -4.4 -0.7 
June 2010 -1.0 -0.1 -0.2 -1.0 -0.8 -4.1 -1.2 
“N.D.” No data available for that analysis. 
“STD” indicates the standard deviation of a mineral.  Standard deviations are not available for July and October 2010 as only one 




Table A.4. Percentage of the saline end-member and the difference between measured ion concentrations and calculated 
concentrations. Difference between the measured ion concentrations and the ion concentrations from the model are given in mmol L-1. 
Spring 
Percent Saline end-
member water in 
spring water 
Δ Chloride Δ Calcium Δ TIC Δ Sodium Δ Magnesium Δ Sulfate 
Rattlesnake               
June 2011 1.6 0.0 -0.3 -2.0 -4.7 3.2 3.1 
February 2011 1.7 -0.1 -0.6 -0.7 -7.1 3.2 3.1 
October 2010 2.0 0.0 -2.7 -0.9 -6.7 4.1 3.6 
July 2010 1.7 0.0 -0.3 -1 -7.8 3.8 3.3 
Tower               
June 2011 0.8 0.0 -0.1 -1.4 1.8 1.5 1.9 
February 2011 1.0 0.0 -0.7 -1.1 -2.1 1.4 1.6 
October 2010 1.0 0.0 -1.6 -0.6 -0.4 2.1 2.3 
July 2010 0.9 0.0 -0.9 -0.6 5.0 1.4 2.1 
Mary Mac               
June 2011 0.5 0.0 -1.0 -1.1 0.6 0.3 1.0 
February 2011 0.5 -0.1 -0.7 -0.3 1.4 0.4 0.9 
October 2010 0.5 0.0 -1.3 -0.3 1.6 0.8 1.2 
July 2010 0.5 0.0 -0.7 -0.3 -0.1 0.5 1.1 
Ekie               
June 2011 2.8 0.0 0.4 -1.5 -9.9 5.8 5.6 
February 2011 2.8 0.0 0.4 -1.5 -7.1 5.6 5.8 
October 2010 3.5 0.0 -3.7 -0.2 -12.2 8.0 6.8 
July 2010 2.9 0.0 0.4 -0.3 -15.5 6.5 5.4 
Murphy               
June 2011 2.7 0.0 0.6 -1.6 -10.6 5.8 5.3 
July 2010 2.3 0.0 2.2 -0.2 -12.9 5.5 4.7 
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Table A.4 continued. Percentage of the saline end-member and the difference between measured ion concentrations and calculated 
concentrations. Difference between the measured ion concentrations and the ion concentrations from the model are given in mmol L-1. 
Spring 
Percent Saline end-
member water in 
spring water 
Δ Chloride Δ Calcium Δ TIC Δ Sodium Δ Magnesium Δ Sulfate 
Katy               
June 2011 3.0 0.0 0.7 -1.6 -7.6 6.0 7.2 
July 2010 3.0 0.0 0.8 -0.8 -13.6 6.8 6.3 
1911               
June 2011 1.1 0.0 1.2 -1.2 -0.4 1.8 2.8 
February 2011 1.1 0.0 0.9 -1.4 -4.4 1.5 2.2 
October 2010 1.6 0.0 0.3 -0.1 -3.7 4.3 3.1 





Table A.5. Percentage of the saline end-member and the amounts of anhydrite, calcite, dolomite, and halite needed to dissolve 
(positive numbers) or precipitate (negative numbers) to produce the measured waters from the theoretical.  Concentrations from the 




in spring water 
Anhydrite Calcite Dolomite Halite concentration factor 
Rattlesnake             
June 2011 1.6 3.1 x 10-3 -7.4 x 10-3 2.8 x 10-3 -1.2 x 10-2 1.1 
February 2011 1.7 3.1x 10-3 -7.1 x 10-3 3.1 x 10-3 -1.2 x 10-2 1.1 
October 2010 2.0 3.4 x 10-3 -9.6 x 10-3 4.7 x 10-3 -3.1 x 10-4 0.9 
July 2010 1.7 3.3 x 10-3 -7.9 x 10-3 3.5 x 10-3 -1.2 x 10-2 1.2 
Tower             
June 2011 0.8 2.0 x 10-3 -3.8 x 10-3 1.3 x 10-3 3.2 x 10-4 1.0 
February 2011 1.0 1.6 x 10-3 -3.5 x 10-3 1.6 x 10-3 2.5 x 10-3 0.9 
October 2010 1.0 2.3 x 10-3 -5.1 x 10-3 2.8 x 10-3 9.8 x 10-3 0.7 
July 2010 0.9 2.1 x 10-3 -3. x 10E-3 2.1 x 10-3 1.2 x 10-2 0.7 
Mary             
June 2011 0.5 1.0 x 10-3 -1.5 x 10-3 1.1 x 10-3 1.1 x 10-3 0.6 
February 2011 0.5 8.7 x 10-4 -1.3 x 10-3 7.7 x 10-4 4.3 x 10-3 0.8 
October 2010 0.5 1.3 x 10-3 -2.3 x 10-3 1.9 x 10-3 1.1 x 10-2 0.4 
July 2010 0.5 1.1 x 10-3 -1.6 x 10-3 1.3 x 10-3 6.3 x 10-3 0.6 
Ekie             
June  2011 2.8 5.7 x 10-3 -1.2 x 10-2 5.5 x 10-3 -1.5 x 10-2 1.1 
February 2011 2.8 5.8 x 10-3 -1.2 x 10-4 5.6 x 10-3 -7.0 x 10-3 1.0 
October 2010 3.5 6.9 x 10-3 -1.9 x 10-2 9.1 x 10-3 -2.3 x 10-4 1.0 
July 2010 2.9 5.3 x 10-3 -1.3 x 10-2 6.2 x 10-3 -3.1 x 10-2 1.1 
Murphy             
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Table A.5 continued. Percentage of the saline end-member and the amounts of anhydrite, calcite, dolomite, and halite needed to 
dissolve (positive numbers) or precipitate (negative numbers) to produce the measured waters from the theoretical.  Concentrations 
from the model are given in mmol L-1. 
June 2011 2.7 5.3 x 10-3 -1.2 x 10-2 5.3 x 10-3 -2.2 x 10-2 1.2 
July 2010 2.3 4.7 x 10-3 -1.0 x 10-2 4.6 x 10-3 -3.0 x 10-2 1.3 
Katy             
June 2011 3.0 7.3 x 10-3 -1.3 x 10-2 6.0 x 10-3 -8.7 x 10-3 1.0 
July 2010 3.0 6.4 x 10-3 -1.3 x 10-2 6.4 x 10-2 -2.2 x 10-3 1.1 
1911             
June 2011 1.1 2.8 x 10-3 -3.9 x 10-3 1.4 x 10-3 -5.4 x 10-3 1.2 
February 2011 1.1 2.2 x 10-3 -3.2 x 10-3 1.2 x 10-3 -3.4 x 10-3 1.0 
October 2010 1.6 3.1 x 10-3 -8.2 x 10-3 3.8 x 10-3 -1.4 x 10-2 1.2 





Table A.6. Geochemical data used in mixing calculations. The samples ‘ASA sample 26’ and ‘Oklahoma Brine’ are from (Christenson 
et al., 2009). The samples ‘35000764’, ‘35000766’, and 35008757’ are from (Breit and Skinner, 2002). The sample ‘CaCl2 Sea Water’ 
is from (Lowenstein et al., 2003). 



















Deionized Water 7  N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
Rain water 5.5 0.2 N.D. 0.9 0.1 0.1 0.3 0.0 N.D. N.D. 
ASA Sample 26 7.0 0.1 N.D. 0.1 0.1 0.0 1.7 1.5 N.D. 5.8 
35000764 7.0 3215.5 N.D. 5.3 2462.0 N.D. 311.9 69.9 N.D. 0.9 
35000766 7.0 2397.5 N.D. 7.3 1809.5 N.D. 218.1 83.1 N.D. 2.2 
35008757 7.0 3410.5 N.D. 9.1 3470.2 N.D. 300.1 115.2 N.D. 2.9 
Oklahoma Brine 6.5 1534.4 2.2 0.2 1187.5 7.2 89.8 50.2 2.4 2.8 
Modern Sea Water 8.2 545.8 0.8 28.2 468.0 10.2 10.3 53.1 0.1 2.3 
CaCl2 Sea Water 8.2 601.0 N.D. 11.0 445.0 12.0 35.0 48.0 N.D. 2.3 
“N.D.” No data available for that analysis 
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Appendix B. Data Tables For, CO2 Outgassing Along Spring Runs 
Table B.1. Geochemical data of the springs and calculated fluxes. Low flux values were calculated using the gas transfer equation, κ, 
equation of Cole (2001) and high flux values were calculated using the κ equation of Borges et al. (2004). 





(°C) pH salinity *HCO3





July 2010 Rattlesnake 0 20.7 6.9 4.2 4.7 0.0 -1.6 436.2 923.8 
July 2010 Rattlesnake 1.2 20.8 7.2 4.4 5.0 0.3 -1.8 259.6 549.8 
July 2010 Rattlesnake 5.5 21.5 7.6 4.2 4.7 0.7 -2.3 96.4 204.1 
July 2010 Rattlesnake 9.5 21.6 7.7 4.3 4.6 0.7 -2.3 78.9 167.1 
July 2010 Rattlesnake 14 22.0 7.8 4.2 4.4 0.8 -2.5 56.6 119.8 
October 2010 Rattlesnake 0 20.6 6.8 4.8 4.8 -0.1 -1.4 816.6 1729.4 
October 2010 Rattlesnake 14 28.5 7.8 4.9 4.0 0.8 -2.5 48.8 103.4 
October 2010 Rattlesnake 20 18.2 7.8 5.2 3.4 0.6 -2.6 39.5 83.6 
February 2011 Rattlesnake 0 19.9 6.6 4.0 5.0 -0.3 -1.2 1137.7 2409.5 
February 2011 Rattlesnake 5 13.3 7.7 4.0 4.1 0.6 -2.5 56.5 119.6 
February 2011 Rattlesnake 14 19.8 7.9 2.2 3.8 0.9 -2.7 31.8 67.4 
February 2011 Rattlesnake 20 18.1 7.9 4.0 3.5 0.8 -2.7 28.4 60.1 
June 2011 Rattlesnake 0 20.9 7.0 4.2 3.7 -0.1 -1.7 328.9 696.5 
June 2011 Rattlesnake 5 26.6 7.7 4.1 3.3 0.7 -2.5 56.1 118.9 
June 2011 Rattlesnake 14 29.6 7.9 4.2 3.3 0.9 -2.6 34.6 73.3 
June 2011 Rattlesnake 20 28.3 7.8 4.2 3.3 0.9 -2.6 38.3 81.1 
July 2010 Tower 0 20.3 7.1 2.6 5.1 0.0 -1.7 340.1 720.3 
July 2010 Tower 4.9 21.0 7.6 4.0 5.5 0.8 -2.2 108.7 230.2 
October 2010 Tower 0 20.1 6.8 2.7 5.2 -0.3 -1.4 670.3 1419.5 
October 2010 Tower 2.5 29.9 7.0 2.8 5.1 0.0 -1.6 516.2 1093.2 
June 2011 Tower 0 20.6 7.1 2.6 4.4 0.0 -1.8 316.5 670.3 
June 2011 Tower 2.5 21.5 7.6 2.5 4.4 0.5 -2.2 104.6 221.6 
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Table B.1 continued. Geochemical data of the springs and calculated fluxes. Low flux values were calculated using the gas transfer 
equation, κ, equation of Cole (2001) and high flux values were calculated using the κ equation of Borges et al. (2004). 





(°C) pH salinity *HCO3





July 2010 Mary Mac 0 20.6 7.2 1.5 5.4 0.1 -1.8 296.5 628.0 
July 2010 Mary Mac 2 20.6 7.3 1.5 5.4 0.2 -1.9 239.7 507.6 
July 2010 Mary Mac 4 21.8 7.5 1.5 5.3 0.3 -2.0 166.7 352.9 
July 2010 Mary Mac 13.4 26.1 8.0 1.5 5.3 0.9 -2.5 47.0 99.6 
February 2011 Mary Mac 0 19.6 7.1 0.8 5.5 0.0 -1.7 404.6 856.9 
February 2011 Mary Mac 13 14.1 7.7 1.3 4.6 0.5 -2.4 73.1 154.9 
June 2011 Mary Mac 0 20.9 6.9   4.7 -0.3 -1.6 496.0 1050.5 
June 2011 Mary Mac 13 23.2 7.2 1.5 4.7 0.0 -1.8 319.0 675.6 
June 2010 Ekie 0 20.4 6.7 7.4 5.3 0.0 -1.4 753.1 1595.0 
June 2010 Ekie 6.9 21.3 6.9 7.4 4.5 0.2 -1.7 399.6 846.3 
June 2010 Ekie 11.9 22.3 7.3 7.5 4.3 0.5 -2.1 146.8 311.0 
June 2010 Ekie 19.9 23.0 7.4 7.6 4.5 0.7 -2.2 120.6 255.3 
June 2010 Ekie 25.4 25.3 7.6 7.7 4.3 0.8 -2.3 80.6 170.7 
* denotes concentrations in mmol L-1 
Flux is in mmol m-2 d-1 
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Appendix C. Data for, Rare Earth Elemental Variation in Ordovician Carbonate Between Limpid and Cloudy Dolomite  
Table C.1. Concentrations of REE elements for each sample analyzed by LA-ICP-MS. Concentrations are in ppm 
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ∑REE 
1 A 90.0 8.90 1.60 26.0 0.00 0.00 3.50 0.00 0.24 19.8 0.00 1.90 0.00 0.00 0.0 151.9 
1 B 3.5 3.68 1.19 6.70 1.13 0.31 2.30 0.20 0.43 7.3 0.02 0.22 0.00 0.00 0.0 27.0 
1 C 8.50 17.3 4.88 25.9 5.30 1.06 7.00 0.46 3.51 24.0 0.58 1.28 0.01 0.05 0.0 99.8 
1 D 6.24 17.30 4.03 23.1 4.20 1.23 7.20 0.66 3.66 26.2 0.32 0.81 0.03 0.22 0.0 95.2 
1 E 5.40 13.90 2.60 17.8 2.10 0.55 6.00 0.62 1.90 18.5 0.29 0.20 0.00 0.00 0.0 69.9 
1 F 6.00 25.30 5.07 23.1 4.92 1.16 6.85 0.66 3.06 18.3 0.41 0.78 0.08 0.22 0.05 96.0 
1 G 2.86 11.82 2.08 11.2 2.34 0.45 2.99 0.31 1.41 8.5 0.25 0.28 0.03 0.11 0.00 44.6 
1 H 5.77 12.39 2.32 11.5 2.34 0.43 2.59 0.42 1.94 17.4 0.29 0.92 0.11 0.56 0.09 59.1 
1 I 4.73 10.93 2.06 11.0 2.22 0.47 2.05 0.38 2.23 17.7 0.45 0.87 0.11 0.58 0.08 55.9 
1 J 5.51 16.10 2.88 14.1 3.61 0.68 4.18 0.79 4.74 45.2 1.09 3.02 0.39 2.36 0.24 104.9 
1 K 6.17 11.93 2.84 12.2 2.17 0.28 2.72 0.38 1.86 14.4 0.44 0.88 0.09 0.42 0.05 56.8 
1 L 8.30 14.20 2.99 12.9 2.48 0.44 3.62 0.39 2.25 17.4 0.33 1.02 0.11 0.57 0.09 67.1 
1 M 83.0 493.0 27.5 122.0 50.5 13.5 118.0 31.0 241 2130 57.1 169.0 23.4 137.0 20.6 3716.6 
1 N 670.0 3760.0 192.0 930.0 395.0 111.0 1060.0 247.0 2040 17700 459.0 1440.0 187.0 1110.0 169.0 30470 
10 A 0.62 6.65 0.55 2.38 0.66 0.15 1.35 0.15 0.60 5.93 0.10 0.31 0.00 0.10 0.00 19.5 
10 B 0.48 2.16 0.18 1.55 0.34 0.04 1.18 0.10 0.49 4.20 0.06 0.06 0.00 0.00 0.02 10.9 
10 C 0.31 2.97 0.28 1.60 0.29 0.04 0.11 0.01 0.14 2.41 0.07 0.01 0.00 0.00 0.00 8.2 
10 D 2.19 14.30 1.11 5.89 1.54 0.31 1.71 0.11 0.75 6.21 0.17 0.27 0.02 0.08 0.02 34.7 
10 E 0.41 2.16 0.23 1.39 0.31 0.03 0.51 0.04 0.17 1.23 0.01 0.01 0.00 0.00 0.00 6.5 
10 F 9.34 14.40 3.56 15.50 3.05 0.47 3.90 0.47 2.53 15.90 0.42 0.91 0.10 0.13 0.02 70.7 
10 G 8.64 11.60 3.34 14.80 3.13 0.46 3.28 0.37 2.55 16.40 0.37 0.82 0.10 0.53 0.10 66.5 
10 H 10.60 10.50 3.64 15.30 2.14 0.48 2.46 0.37 2.14 15.50 0.57 0.78 0.02 0.27 0.01 64.8 
10 I 1.35 9.70 0.95 6.90 2.29 0.70 5.00 0.43 1.46 10.00 0.20 0.44 0.04 0.16 0.01 39.6 
10 J 2.15 8.51 1.07 3.91 1.13 0.19 2.20 0.20 0.97 7.35 0.20 0.43 0.03 0.09 0.08 28.5 
10 K 8.45 14.30 3.12 13.00 2.20 0.47 3.54 0.39 2.86 24.80 0.48 1.37 0.16 0.69 0.15 76.0 
10 L 8.11 12.50 3.40 15.00 2.57 0.58 3.46 0.46 2.72 18.80 0.43 1.23 0.09 0.67 0.15 70.2 
10 M 1.93 9.74 1.37 6.63 1.05 0.21 2.09 0.20 0.59 4.28 0.12 0.13 0.00 0.01 0.00 28.3 
10 N 9.40 15.80 3.32 15.10 2.38 0.37 4.00 0.41 2.00 16.60 0.35 1.28 0.05 0.60 0.12 71.8 
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Table C.1 continued .Concentrations of REE elements for each sample analyzed by LA-ICP-MS. Concentrations are in ppm 
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ∑REE 
10 O 4.20 8.40 2.30 0.00 0.00 0.00 0.00 0.19 0.00 7.90 0.50 0.00 0.00 0.00 0.00 23.5 
10 P 9.10 7.94 4.20 12.80 2.47 0.54 3.05 0.46 1.98 18.50 0.55 1.13 0.09 0.33 0.09 63.2 
10 Q 7.46 10.44 3.68 14.10 2.51 0.52 2.03 0.42 1.74 19.80 0.56 1.10 0.12 0.46 0.05 65.0 
10 R 5.53 23.10 2.49 8.80 3.27 0.54 4.30 0.69 3.24 36.70 0.78 1.89 0.19 2.10 0.16 93.8 
10 S 9.70 26.40 3.75 13.90 2.80 0.66 3.30 0.61 4.80 38.50 0.91 1.91 0.27 0.88 0.20 108.6 
10 T 7.12 12.70 2.94 11.10 2.26 0.36 3.90 0.45 2.72 18.10 0.38 0.96 0.02 0.26 0.05 63.3 
10 U 5.27 13.70 2.14 7.50 1.77 0.40 2.36 0.30 0.98 8.10 0.18 0.32 0.05 0.12 0.01 43.2 
10 V 3.76 14.30 2.10 8.19 1.38 0.45 2.31 0.27 1.12 7.96 0.25 0.44 0.01 0.18 0.02 42.7 
10 W 11.24 19.60 4.36 18.80 3.24 0.58 3.59 0.37 2.23 14.70 0.30 0.90 0.12 0.38 0.04 80.4 
10 X 12.30 13.20 4.56 18.70 3.30 0.58 2.86 0.44 2.35 14.90 0.43 1.01 0.03 0.62 0.06 75.3 
13 A 4.04 11.13 1.08 5.87 0.80 0.22 1.12 0.09 0.52 2.72 0.06 0.10 0.03 0.04 0.00 27.8 
13 B 9.09 9.20 2.54 10.90 2.08 0.23 1.16 0.21 0.97 7.51 0.19 0.37 0.05 0.21 0.03 44.7 
13C 5.39 8.60 1.74 7.60 1.52 0.20 1.05 0.10 0.73 4.56 0.09 0.22 0.04 0.05 0.02 31.9 
13 D 16.80 30.40 3.41 14.00 1.87 0.31 1.83 0.25 1.52 11.29 0.22 0.98 0.08 0.49 0.08 83.5 
13 E 9.93 14.50 2.17 9.51 1.90 0.33 1.54 0.19 1.41 9.30 0.16 0.71 0.06 0.25 0.06 52.0 
13 F 8.77 11.03 2.21 9.50 1.94 0.34 1.54 0.17 1.14 8.83 0.22 0.60 0.05 0.49 0.02 46.9 
13 G 37.10 58.60 6.53 25.70 3.45 0.54 3.28 0.33 2.65 19.40 0.52 1.49 0.26 1.10 0.19 161.1 
13 H 83.80 129.80 12.75 51.00 5.56 0.85 5.21 0.58 4.04 32.50 0.75 2.58 0.35 2.02 0.30 332.1 
13 I 20.20 34.40 3.35 16.10 2.01 0.35 2.06 0.28 1.63 10.76 0.35 0.80 0.15 0.62 0.07 93.1 
13 J 25.40 44.20 4.64 18.70 2.88 0.35 2.76 0.26 1.52 15.20 0.38 0.97 0.16 1.00 0.14 118.6 
13 K 29.40 50.00 5.58 23.00 2.74 0.44 2.65 0.31 1.93 16.80 0.36 1.29 0.14 1.01 0.14 135.8 
13 L 3.10 9.76 0.96 4.20 0.97 0.15 0.79 0.08 0.28 2.60 0.07 0.03 0.02 0.00 0.00 23.0 
13 M 4.33 9.30 1.43 4.40 0.89 0.22 1.06 0.08 0.42 4.62 0.07 0.09   0.00 0.00 26.9 
23 A 7.60 12.70 1.42 4.70 0.81 0.09 0.38 0.03 0.66 5.79 0.13 0.23 0.01 0.06 0.01 34.6 
23 B 14.60 22.20 2.35 10.10 1.46 0.71 2.20 0.22 1.29 13.90 0.42 1.29 0.17 1.30 0.10 72.3 
23 C 8.70 15.20 2.42 6.00 0.77 0.24 1.00 0.14 0.97 6.99 0.30 0.53 0.06 0.17 0.03 43.5 
23 D 6.10 11.20 1.56 4.40 1.55 0.20 0.26 0.04 0.81 6.10 0.07 0.08 0.01 0.23 0.02 32.6 
23 E 6.00 10.70 1.41 5.40 0.68 0.08 0.42 0.00 0.68 5.30 0.00 0.41 0.00 0.00 0.00 31.1 
23 F 14.90 30.40 3.54 12.80 1.32 0.70 2.37 0.21 2.38 15.60 0.37 1.11 0.24 1.22 0.12 87.3 
23 G 7.20 11.50 1.94 7.60 2.20 0.04 0.46 0.37 0.95 6.40 0.05 0.00 0.04 0.07 0.00 38.8 
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Table C.1 continued .Concentrations of REE elements for each sample analyzed by LA-ICP-MS. Concentrations are in ppm 
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ∑REE 
23 H 16.40 33.60 3.25 11.70 1.42 0.35 1.77 0.33 2.55 13.30 0.30 1.31 0.15 0.91 0.17 87.5 
23 I 13.60 26.60 2.50 9.50 1.48 0.38 1.25 0.23 1.57 10.90 0.30 0.99 0.18 0.84 0.13 70.4 
23 J 15.10 28.10 2.40 9.70 0.91 0.54 1.90 0.23 1.30 12.70 0.26 0.85 0.07 0.78 0.21 75.1 
23 K 20.20 38.60 3.96 14.10 1.84 0.40 1.07 0.15 2.66 15.20 0.46 1.32 0.25 0.83 0.22 101.3 
23 L 56.20 94.00 8.26 30.10 2.60 0.65 4.12 0.35 3.59 24.20 0.77 1.77 0.35 2.00 0.25 229.2 
23 M 59.70 123.00 9.70 37.70 4.70 1.61 7.50 0.88 8.30 72.50 1.80 7.26 1.13 6.10 0.83 342.7 
23 N 12.50 21.20 2.40 9.00 0.68 0.39 1.59 0.05 1.12 9.21 0.17 0.49 0.06 0.23 0.06 59.2 
23 O 1.88 6.05 0.50 2.47 0.59 0.12 0.30 0.02 0.09 0.97 0.00 0.00 0.00 0.00 0.00 13.0 
23 P 11.50 23.90 1.80 8.40 2.10 0.40 1.50 0.13 2.53 14.00 0.24 1.17 0.13 0.59 0.06 68.5 
23 Q 29.20 56.30 4.64 17.10 3.90 1.19 5.40 0.63 4.60 41.60 0.81 3.34 0.56 2.80 0.40 172.5 
23 R 36.10 90.50 6.50 24.60 5.30 1.08 6.10 0.96 5.80 59.70 1.67 5.60 0.74 4.89 0.83 250.4 
23 S 8.40 14.80 1.04 6.60 1.09 0.40 0.75 0.16 0.75 6.04 0.17 0.61 0.00 0.36 0.03 41.2 
30 N 5.53 6.28 1.24 3.92 0.81 0.13 0.62 0.08 0.44 4.07 0.12 0.40 0.05 0.32 0.04 24.0 
30 O 6.03 7.33 1.45 5.53 1.04 0.19 0.84 0.12 0.85 5.78 0.19 0.46 0.06 0.29 0.06 30.2 
30 P 19.40 27.70 4.23 18.10 4.07 0.79 4.22 0.49 3.81 31.80 0.92 3.01 0.41 2.94 0.44 122.3 
30 Q 6.04 5.98 1.36 4.86 0.93 0.15 0.76 0.09 0.60 4.40 0.13 0.36 0.05 0.30 0.04 26.1 
30 R 9.68 15.84 2.14 8.90 2.05 0.32 2.01 0.30 2.26 19.69 0.51 1.81 0.24 1.67 0.27 67.7 
30 T 12.73 27.30 3.12 12.60 3.56 0.67 3.50 0.58 4.24 37.40 1.03 3.61 0.54 3.68 0.56 115.1 
30 U 6.37 20.30 1.38 4.72 0.89 0.19 0.86 0.10 0.77 5.86 0.16 0.49 0.07 0.36 0.06 42.6 
30 V 32.50 59.80 8.60 38.80 9.60 1.80 9.10 1.22 9.00 83.30 2.02 7.08 0.90 6.53 0.93 271.2 
30 W 7.43 58.40 1.31 5.03 0.89 0.14 1.11 0.11 0.58 5.08 0.14 0.38 0.04 0.31 0.04 81.0 
30 X 5.97 8.19 1.57 5.47 1.20 0.22 1.28 0.15 0.84 7.50 0.18 0.54 0.08 0.39 0.09 33.7 
30 Y 6.02 5.42 1.24 3.70 0.94 0.12 0.59 0.10 0.38 3.68 0.11 0.25 0.04 0.34 0.05 23.0 
30 Z 12.20 23.20 3.80 13.80 3.10 0.71 3.20 0.37 2.87 23.70 0.57 1.90 0.28 1.73 0.24 91.7 




Table C.2. Petrographic properties of the thin sections with LA-ICP-MS analyses completed 
Sample CL Thin section description 
1 A Dark to dull Limpid dolomite, subhedral, coarse grained 
1 B dull, zoned Limpid dolomite, subhedral, coarse grained 
1 C Dull, zoned Limpid dolomite, subhedral, coarse grained 
1 D dull, zoned Limpid dolomite, subhedral, coarse grained 
1 E Dark to dull, zoned Limpid dolomite, subhedral, coarse grained 
1 F Dark to dull Limpid dolomite, subhedral, coarse grained, zoned 
1 G Dull to dark Limpid dolomite, subhedral, coarse grained, zoned 
1 H Dark core with bright rims medium grained, cloudy cores, clear rim 
1 I 'Dark core with bright rims Medium grained, cloudy cores, clear rim 
1 J Dull to bright zoned medium grained, cloudy cores, clear rim 
1 K Dull medium grained, cloudy cores, clear rim 
1 L Dull to dark Limpid dolomite, subhedral, coarse grained 
1 M Dark filled with Fe and Mn oxide 
1 N Dark filled with Fe and Mn oxide 
10 A Dull to bright zoned Limpid dolomite, subhedral, coarse grained 
10 B Dark Limpid dolomite, subhedral, coarse grained 
10 C Dark Limpid dolomite, subhedral, coarse grained 
10 D Dark to dull zoned Limpid rims with cloudy core, coarse grained 
10 E Dark Limpid dolomite, subhedral, coarse grained 
10 F Dark core with bright rims medium grained, cloudy cores, clear rim 
10 G Dark core with bright rims medium grained, cloudy cores, clear rim 
10 H Dark core with bright rims medium grained, cloudy cores, clear rim 
10 I Dull to dark Limpid dolomite, subhedral, coarse grained 
10 J Dull to bright zoned Limpid rims with cloudy core, coarse grained 
10 K Dark core with bright rims medium grained, cloudy cores, clear rim 
10 L Dark core with bright rims medium grained, cloudy cores, clear rim 
10 M Dull to dark Limpid dolomite, subhedral, coarse grained 
10 N Dark to dull Fine grained, cloudy cores, clear rim 
10 O Dull tp bright Coarse grained, dark  
10 P Dark to dull Fine grained, cloudy cores, clear rim 
10 Q Dark to dull Fine grained, cloudy cores, clear rim 
10 R Dull to bright zoned Fine grained, dark cloudy cores, dark rim 
10 S Dull to bright zoned Fine grained, dark cloudy cores, dark rim 
10 T Dull to bright zoned Fine grained, dark cloudy cores, dark rim 
10 U Dark to dull zoned Limpid dolomite, subhedral, coarse grained 
10 V Dull Limpid dolomite, subhedral, coarse grained 
10 W Dull to bright nonplaner, medium grained, cloudy cores, clear rim 
10 X Dull to bright nonplaner, medium grained, cloudy cores, clear rim 
13 A Dark to bright zoned nonplaner, fine grained, limpid 
13 B Dark to bright zoned nonplaner, fine grained, limpid 
13C Dark to bright zoned nonplaner, fine grained, limpid 
13 D Dark to dull zoned nonplaner, medium grained, cloudy cores, clear rim 
13 E Dull to bright nonplaner, fine grained, limpid 
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Table C.2 continued. Petrographic properties of the thin sections with LA-ICP-MS analyses 
completed 
Sample CL Thin section description 
13 F Dull to bright nonplaner, fine grained, limpid 
13 G Dull to bright zoned Fine grained, cloudy cores, clear rim 
13 H Dull to bright zoned Fine grained, cloudy cores, clear rim 
13 I Dark to bright zoned oxide, nonplaner, medium grained 
13 J Dull to bright Fine grained, cloudy cores, clear rim 
13 K Dull to bright Fine grained, cloudy cores, clear rim 
13 L Dark nonplaner, medium grained, limpid 
13 M Dark nonplaner, medium grained, limpid 
23 A Dark to bright zoned medium grained, nonplaner, cloudy cores, clear rim 
23 B Dark to bright zoned Styolite, medium grained, nonplaner, cloudy core 
23 C Dark to bright zoned medium grained, nonplaner, cloudy cores, clear rim 
23 D Dull to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 E Dark Chert 
23 F Dark to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 G Dark to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 H Dark to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 I Dark to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 J Dark to bright zoned medium grained, nonplaner, cloudy cores, clear rim 
23 K Dark to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 L Dark to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 M Dark to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 N Dark to bright zoned medium grained, nonplaner, cloudy core, limpid rim 
23 O Dark to bright zoned Limpid dolomite, subhedral, coarse grained 
23 P Dark to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 Q Dark to bright zoned Fracture, dark nonplaner grains 
23 R Dark to bright zoned medium grained, nonplaner, cloudy core and  rim 
23 S Dark to bright zoned Fracture, dark nonplaner grains 
30 N Dull to bright medium grained, nonplaner, cloudy core and  rim 
30 O Dull to bright medium grained, nonplaner, cloudy core and  rim 
30 P Dull to bright medium grained, nonplaner, cloudy core and  rim 
30 Q Dark to dull Oxide staining medium grained, nonplaner 
30 R Dark to dull medium grained, nonplaner, cloudy core, limpid  rim 
30 T Dark to Dull medium grained, nonplaner, cloudy core, limpid  rim 
30 U Dark to dull medium grained, nonplaner, cloudy core, limpid  rim 
30 V Dark to dull Oxide staining medium grained, nonplaner 
30 W Dull to bright medium grained, nonplaner, cloudy core, limpid  rim 
30 X Dark to Dull Oxide staining medium grained, nonplaner 
30 Y Dull medium grained, nonplaner, cloudy core and  rim 




Table C.3. Ratios of REE and trace elements for the LA-ICP-MS analyses. 
Sample Ce/Ce* La/La* Pr/Pr* Eu/Eu* Gd/Gd* Y/Ho Mn* Mn/Sr 
1 A 0.1 1.1 0.1 0.0 N.A. N.A. 3.0 285.7 
1 B 0.4 0.1 0.6 0.8 1.8 1313 2.9 108.7 
1 C 0.6 0.1 0.7 0.8 1.9 134 3.1 82.1 
1 D 0.7 0.1 0.6 1.0 1.6 265 3.1 70.9 
1 E 0.8 0.1 0.5 0.6 2.0 207 2.9 113.9 
1 F 0.9 0.1 0.9 0.9 1.5 143 3.2 64.0 
1 G 1.0 0.1 0.7 0.8 1.6 111 3.1 88.8 
1 H 0.8 0.1 0.8 0.8 1.2 193 2.3 62.4 
1 I 0.8 0.1 0.7 1.0 0.9 127 2.5 72.5 
1 J 0.9 0.1 1.0 0.8 1.1 134 2.4 106.9 
1 K 0.6 0.1 0.8 0.5 1.6 106 2.5 69.4 
1 L 0.6 0.1 0.9 0.7 1.7 171 2.4 55.1 
1 M 2.3 0.1 2.6 0.7 1.0 121 1.2 27.4 
1 N 2.4 0.1 2.6 0.7 1.1 125 0.7 6.7 
10 A 2.1 0.0 1.2 0.7 1.7 202 3.2 114.5 
10 B 1.7 0.1 0.5 0.3 3.0 243 3.0 102.8 
10 C 1.9 0.0 0.6 1.0 0.8 115 2.2 9.3 
10 D 2.0 0.1 0.9 0.9 1.7 116 3.4 84.9 
10 E 1.5 0.1 0.7 0.3 2.9 332 2.4 17.3 
10 F 0.6 0.1 0.9 0.6 1.6 123 2.8 80.4 
10 G 0.5 0.1 0.9 0.7 1.6 142 3.0 39.8 
10 H 0.4 0.1 0.8 1.0 1.1 88 2.7 106.7 
10 I 1.7 0.0 0.9 0.9 1.8 162 2.4 13.0 
10 J 1.2 0.1 1.5 0.5 2.2 122 3.1 46.8 
10 K 0.6 0.1 0.8 0.7 1.6 167 2.8 48.9 
10 L 0.5 0.1 0.8 0.9 1.3 141 2.8 49.4 
10 M 1.2 0.1 0.7 0.6 2.0 120 2.5 11.3 
10 N 0.6 0.1 0.8 0.5 2.0 152 2.5 108.1 
10 O 0.6 0.1 N.A. N.A. 0.0 51 2.3 38.5 
10 P 0.3 0.1 1.2 0.9 1.2 109 3.1 167.7 
10 Q 0.4 0.1 0.9 1.1 0.9 114 3.0 140.4 
10 R 1.4 0.1 2.3 0.7 1.3 152 2.6 89.1 
10 S 1.0 0.1 1.0 1.0 1.0 137 2.4 50.2 
10 T 0.6 0.1 1.0 0.5 1.8 154 3.0 131.8 
10 U 0.9 0.1 1.2 0.9 1.3 147 3.1 48.6 
10 V 1.1 0.1 0.9 1.1 1.3 103 3.2 62.3 
10 W 0.6 0.1 0.8 0.8 1.5 159 2.8 129.0 
10 X 0.4 0.1 0.9 0.9 1.1 112 2.5 118.7 
13 A 1.2 0.1 0.6 1.1 1.5 157 2.8 70.8 
13 B 0.4 0.2 0.9 0.7 1.0 129 2.8 101.6 
13C 0.6 0.1 0.9 0.7 1.5 164 3.0 95.9 
13 D 0.9 0.2 0.8 0.8 1.3 165 2.4 71.6 
13 E 0.7 0.2 0.9 0.9 1.2 185 2.2 75.2 
88 
 
Table C.3 continued. Ratios of REE and trace elements for the LA-ICP-MS analyses. 
Sample Ce/Ce* La/La* Pr/Pr* Eu/Eu* Gd/Gd* Y/Ho Mn* Mn/Sr 
13 F 0.6 0.2 0.9 0.9 1.2 132 2.8 121.0 
13 G 0.9 0.3 0.8 0.7 1.5 121 2.5 56.8 
13 H 0.9 0.3 0.8 0.7 1.4 140 2.5 35.4 
13 I 0.9 0.2 0.7 0.8 1.3 100 1.6 64.9 
13 J 0.9 0.2 0.8 0.6 1.8 128 2.2 58.8 
13 K 0.9 0.2 0.8 0.8 1.4 150 2.2 58.9 
13 L 1.3 0.1 1.0 0.8 1.5 115 2.9 89.9 
13 M 0.8 0.2 1.3 1.0 1.5 223 3.3 127.5 
23 A 0.9 0.3 1.1 0.7 1.4 149 2.1 58.0 
23 B 0.9 0.3 0.8 1.8 1.0 107 1.5 32.9 
23 C 0.8 0.2 1.3 1.2 1.1 75 2.1 50.6 
23 D 0.8 0.2 2.6 1.1 0.5 271 2.1 57.3 
23 E 0.8 0.2 0.8 0.7 2.5 N.A. 2.0 43.0 
23 F 1.0 0.2 0.8 1.7 1.1 137 1.8 48.4 
23 G 0.7 0.2 1.4 0.2 0.4 423 2.4 114.1 
23 H 1.1 0.2 0.9 1.0 1.0 144 1.7 37.1 
23 I 1.0 0.2 0.9 1.3 0.8 118 1.7 36.6 
23 J 1.1 0.3 0.7 1.7 1.0 158 1.7 67.1 
23 K 1.0 0.2 0.9 1.3 0.8 107 1.9 81.9 
23 L 1.0 0.3 0.8 0.9 1.7 102 1.8 34.2 
23 M 1.2 0.3 0.8 1.2 1.2 130 1.6 42.9 
23 N 0.9 0.2 0.7 1.5 1.6 179 2.2 67.5 
23 O 1.4 0.2 0.9 1.3 0.9 N.A. 2.3 173.8 
23 P 1.2 0.3 1.0 1.0 1.2 189 1.9 73.2 
23 Q 1.1 0.3 1.1 1.2 1.2 166 1.7 48.9 
23 R 1.3 0.3 1.1 0.9 1.2 116 1.5 48.2 
23 S 1.1 0.3 0.6 2.1 0.6 117 1.7 52.0 
30 N 0.6 0.2 1.3 0.9 1.2 114 2.6 151.5 
30 O 0.6 0.2 1.0 0.9 1.1 101 2.6 142.4 
30 P 0.7 0.2 1.0 0.9 1.3 112 2.3 71.7 
30 Q 0.5 0.2 1.1 0.8 1.3 110 2.7 150.1 
30 R 0.8 0.2 1.0 0.7 1.3 125 1.9 36.6 
30 T 1.0 0.2 1.3 0.9 1.1 118 1.6 58.4 
30 U 1.6 0.2 1.1 1.0 1.2 122 2.5 143.3 
30 V 0.8 0.2 1.0 0.9 1.2 134 1.5 47.6 
30 W 4.3 0.3 0.9 0.6 1.8 122 3.0 137.4 
30 X 0.6 0.2 1.2 0.8 1.4 135 2.6 157.8 
30 Y 0.5 0.2 1.6 0.7 1.1 106 2.6 110.4 
30 Z 0.8 0.1 1.2 1.0 1.2 135 2.2 91.3 
“N.A.” indicates not available 
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Table C.4. Mg2+ and trace element concentrations for the LA-ICP-MS analyses 
Sample Mg Al Si V Mn Fe Sr Mo Ba 
1 A 2.57E+05 870 143000 7.9 10000 700 35 B.D. 1.8 
1 B 2.49E+05 1020 11700 4.5 4890 425 45 B.D. 1.5 
1 C 2.70E+05 609 16100 6.2 6730 393 82 B.D. 0.63 
1 D 2.67E+05 580 10800 5.11 6520 408 92 B.D. 1.4 
1 E 2.87E+05 1320 27400 5.19 6380 565 56 B.D. 8.3 
1 F 2.86E+05 413 3910 12.82 7330 326 114.5 B.D. 0.77 
1 G 2.81E+05 532 3640 13.06 6030 367 67.9 B.D. 0.79 
1 H 2.76E+05 881 6310 3.22 3640 1450 58.3 0.10 6.6 
1 I 2.81E+05 3970 13000 3.75 5760 1540 79.5 0.06 18.3 
1 J 3.13E+05 24700 42400 9.85 6850 2350 64.1 0.04 18.6 
1 K 2.94E+05 770 4900 2.68 4660 1171 67.1 0.11 4.25 
1 L 2.79E+05 550 5930 6 4570 1560 83 0.20 5.7 
1 M 4.23E+05 875000 890000 170 8890 42500 324 4.90 451 
1 N 6.50E+05 2220000 2360000 900 14000 201000 2080 27.6 1890 
10 A 2.12E+05 383 4270 237 4960 228 43.3 B.D. 2.84 
10 B 1.55E+05 340 11800 440 2890 243 28.1 B.D. 4.2 
10 C 2.30E+03 79 18800 1.15 541 238 58 B.D. 1.03 
10 D 2.68E+05 303 4740 121 9240 287 108.8 B.D. 1.8 
10 E 4.44E+02 48 5800 0.169 644 202 37.2 B.D. 1.13 
10 F 2.54E+05 3580 17500 7.05 6430 704 80 B.D. 28.3 
10 G 2.78E+05 1780 8550 11.1 6530 517 164 B.D. 6.8 
10 H 2.52E+05 2270 13600 6.08 5710 860 53.5 0.09 10.2 
10 I 4.67E+02 26 5100 1.02 615 203 47.3 B.D. 0.98 
10 J 2.29E+05 507 4790 472 4870 326 104 B.D. 3.26 
10 K 2.62E+05 4720 13400 42.6 5580 687 114 0.01 17.2 
10 L 2.53E+05 2280 8590 9.6 5430 663 110 B.D. 12.6 
10 M 7.72E+02 107 2770 1.92 768 202 68.1 B.D. 2.31 
10 N 2.84E+05 1960 10400 7.79 6160 1340 57 0.09 9.8 
10 O 1.91E+05 4300 145000 109 4580 1590 119 0.70 62 
10 P 2.76E+05 5630 17000 15 8570 556 51.1 B.D. 25.6 
10 Q 3.07E+05 7100 20400 15.4 7930 645 56.5 B.D. 26.8 
10 R 2.78E+05 46700 90100 84.9 6320 1290 70.9 0.22 128 
10 S 2.99E+05 64200 124000 85.5 5520 1680 110 0.18 96 
10 T 2.79E+05 10100 26000 40.1 7990 647 60.6 0.03 28 
10 U 2.58E+05 4600 15100 97 5930 364 122 B.D. 9.8 
10 V 2.58E+05 468 5330 57.6 7230 360 116 B.D. 2.58 
10 W 2.53E+05 3230 21000 8.4 8150 1040 63.2 B.D. 34 
10 X 2.56E+05 2230 16200 12.5 6530 1570 55 0.02 21.8 
13 A 2.68E+05 418 6070 56.5 5120 580 72.3 B.D. 200 
13 B 2.88E+05 105 4790 6.23 6360 852 62.6 0.08 11.8 
13C 2.81E+05 450 29400 31 6380 526 66.5 0.00 7.7 
13 D 3.08E+05 6910 29300 10.3 4030 1294 56.3 0.07 19.1 
13 E 2.98E+05 2420 11730 6.44 4480 2338 59.6 0.26 11.7 
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Table C.4 continued. Mg2+ and trace element concentrations for the LA-ICP-MS analyses 
Sample Mg Al Si V Mn Fe Sr Mo Ba 
13 F 2.91E+05 1640 10600 5.61 5870 770 48.5 0.02 13.5 
13 G 2.96E+05 14000 45300 11.25 4810 1201 84.7 0.10 56.1 
13 H 3.00E+05 34800 159000 16.1 5140 1321 145 0.28 83 
13 I 3.08E+05 6370 22800 50 4410 9490 67.9 1.99 33.8 
13 J 3.04E+05 10700 38800 10.5 3930 1780 66.8 0.31 41.1 
13 K 2.93E+05 15000 47800 13.1 4010 1970 68.1 0.69 42.5 
13 L 2.73E+05 555 58000 68.6 5540 522 61.6 0.00 9 
13 M 2.63E+05 3580 1100000 37.6 7650 263 60 0.00 49.7 
23 A 3.37E+05 2800 26600 13.6 3770 2330 65 0.10 12.9 
23 B 3.36E+05 33500 67200 20.7 2860 7800 87 0.89 114 
23 C 3.74E+05 45300 110000 9.7 3540 2330 70 0.11 542 
23 D 3.43E+05 3010 72000 8.1 3180 1810 55.5 0.11 13.2 
23 E 3.66E+05 6890 1910000 9.8 3610 2690 84 0.00 53.3 
23 F 3.52E+05 37100 70700 14.5 2760 3100 57 0.16 85 
23 G 3.37E+05 5070 172000 10.9 4600 1460 40.3 0.05 16.5 
23 H 3.89E+05 38200 83000 16.5 2640 3650 71.2 0.15 68.7 
23 I 3.91E+05 20600 43100 10.7 1980 2890 54.1 0.19 56.8 
23 J 4.00E+05 35600 80400 15.1 3350 5400 49.9 0.84 108 
23 K 4.07E+05 37900 75800 12.3 3750 3310 45.8 0.03 71 
23 L 4.23E+05 53900 83900 19.8 4240 5230 124 0.20 106 
23 M 3.95E+05 120600 236000 50.2 3820 7240 89 0.72 265 
23 N 4.17E+05 14900 45900 8.02 3110 1640 46.1 0.03 27.6 
23 O 3.47E+05 1199 6740 39 4120 1495 23.7 B.D. 0.91 
23 P 3.91E+05 25700 92000 16.1 3490 3040 47.7 0.13 32.9 
23 Q 3.50E+05 53200 133000 30 3230 5490 66 1.15 118 
23 R 4.08E+05 136500 389000 71.2 4050 9790 84 1.02 454 
23 S 3.67E+05 10890 112000 10.1 2710 4250 52.1 0.28 35.7 
30 N 3.07E+05 3170 17300 11.92 9090 1666 60 0.44 22.3 
30 O 2.96E+05 11600 27500 16.33 9030 1876 63.4 1.39 29.7 
30 P 2.89E+05 70000 217000 39.7 9390 3630 131 1.31 440 
30 Q 2.88E+05 2690 12000 10.67 8060 1360 53.7 0.66 8.9 
30 R 2.49E+05 12900 39300 22.9 6000 6190 164 1.04 167 
30 T 3.18E+05 29000 106200 48.5 7680 15200 131.4 3.68 206 
30 U 3.18E+05 9300 30200 14.6 9300 2040 64.9 0.39 45 
30 V 3.04E+05 145000 420000 143 8370 19000 176 3.85 610 
30 W 3.10E+05 4380 16800 10.3 10730 874 78.1 0.55 15.8 
30 X 3.21E+05 8200 30300 13.9 9360 1860 59.3 0.52 34.5 
30 Y 3.09E+05 1690 10400 9 7840 1587 71 0.39 19.7 
30 Z 3.28E+05 31400 87000 45.5 8400 4040 92 2.16 99 
*All concentrations are in ppm 
“B.D.” below detection limit 
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